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In this article, acidic heterogeneous catalysts based on graphene oxide and sulfonated biochar were prepared, characterized, and
used for lactic acid esterification to form ethyl lactate. Graphene oxide was supported on activated carbon (GO/AC) to more easily
filter the catalyst from the reactants. �e catalysts were characterized by such methods as XRD, FT-IR, SEM, BET, and the acid-
base titration. Catalytic activity was evaluated through the esterification of lactic acid. As a result, the activity of the catalysts
decreased in the following order: graphene oxide> sulfonated biochar≈GO/AC>> activated carbon. In addition, the GO/AC
catalyst showed good stability with an unchanged yield from the 3rd to the 6th recycling test. �ese results suggest potential
applications for new acidic heterogeneous catalysts based on graphene oxide and sulfonated biochar that could replace ho-
mogeneous acids in the future.

1. Introduction

Ethyl lactate is an ecofriendly solvent with valuable prop-
erties such as low volatility, high biodegradability, and low
toxicity. Ethyl lactate is used as a “green” solvent in different
fields such as organic synthesis, pharmaceuticals, coatings,
printing, food, and perfume additives [1]. Ethyl lactate has
many positive characteristics and can replace traditional
solvents originating from petroleum.

Ethyl lactate is a product of lactic acid esterification in
the presence of an acidic catalyst. Acidic homogeneous
catalysts, such as H2SO4 and HCl, have been used for es-
terification. However, acidic homogeneous catalysts cannot
be recycled and have to be neutralized, thereby complicating
the process. To overcome their disadvantages, heteroge-
neous catalysts have been used in esterifications despite
them having lower activity than homogeneous catalysts.

Over the years, many solid acid catalysts for lactic acid
esterification such as Preysler [2], K3PW12O40 [3], and
Amberlyst ionic resins [4–7] have been investigated. Among

these catalysts, solid acid catalysts based on sulfonated
carbon have attracted the attention of many scientists. �ese
catalysts are synthesized by the sulfonation of carbonated
products such as starch, cellulose, and glucose [8]. With the
abundance of such acidic functional groups as -SO3H and
-COOH on their surface, these catalysts have been applied in
esterification [9–11] and transesterification [12, 13] re-
actions. However, during the reaction, -SO3H groups leach
into the reactive medium, reducing catalytic activity [14].

Recently, graphene and graphene oxide (GO) have
earned more attention from researchers due to their high
stabilities in the liquid phase and their high resistance in the
acidic medium. Moreover, many of their applications have
been implemented, such as energy storage, electronic de-
vices, optoelectronics, sensors, and catalysis [15–17]. Gra-
phene oxide was synthesized by the oxidation of graphite
forming acidic functional groups such as -SO3H and car-
boxylic acid on the surface of the material. Due to these
functional groups, graphene oxide has been used as an acidic
catalyst in organic synthesis, such as in the cellulose
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hydrolysis reaction [18]; the dehydration and etherification
of fructose, xylose, and inulin [19, 20]; the etherification of
HMF [21]; the esterification of levulinic acid with alcohol
[22]; the esterification of glycerol and acetic acid [23]; and
biodiesel synthesis [24]. �e results showed that the catalytic
activity of graphene oxide was good for these reactions. For
example, using graphene oxide as catalyst, Wei et al. re-
ported that the yield of forming ethyl acetate was 93.5% for
esterification between acetic acid and ethanol, higher than
the yield when using the homogeneous catalyst H2SO4 [25].
Samir Kundu and Basudeb Basu used and reused GO as a
catalyst for 2-aminopyridine, acetophenone, and thiophenol
synthesis. �e conversion was quite stable with a value of
84% and 80% for the 1st and 4th cycles, respectively [26].

Graphene oxide is a potentially acidic heterogeneous
catalyst with good solubility in aqueous solutions (or polar
solvents) because it includes many oxygen-rich functional
groups (-OH, -COOH, -CHO, etc.), which are very highly
hydrophilic [17]. However, this property makes it difficult to
separate the graphene oxide catalyst from the reaction
mixture. �erefore, the separation of graphene oxide from
the reaction mixture usually requires a high-speed centri-
fugation process instead of normal filtrations or vacuum
extractions [17, 21, 23, 24].

To solve this problem, graphene oxide should be sup-
ported on a solid with a high surface area, not only limiting
its “high solubility” but also avoiding the “leaching” of
graphene oxide into the reaction medium. In this article, the
synthesis of solid catalysts based on sulfonated biochar and
graphene oxide was studied. Graphene oxide was supported
on activated carbon to more easily filter the catalysts from
the reactants. �eir catalytic activities were tested by
demonstrating lactic acid esterification from ethyl lactate.

2. Materials and Methods

2.1. Materials. Pine sawdust, taken from Ninh Binh prov-
ince, Vietnam, was crushed, sieved, and collected. All
sawdust particles are in the range of 0.5 to 0.85mm in di-
ameter. �en, the collected sawdust was dried at 105°C for
2 h. Commercially activated carbon, made from coconut
shells in Vietnam, was washed with distilled water, dried at
105°C, and finally crushed. Expanded graphite powder
(<45 μm, 99.9995%), NaNO3 (≥99%), KMnO4 (≥99%), H2O2
(30%), HCl (37%), H2SO4 (95–98%), lactic acid 85%, and
ethanol (99.95%) were all purchased from Sigma-Aldrich
(Singapore). All experiments were conducted using deion-
ized water.

2.2. Synthesis of Graphene Oxide Supported on Activated
Carbon (GO/AC). Graphene oxide synthesis was conducted
using the modified method of Hummers [27]. GO after
synthesis is dispersed in water with a concentration of
5.0mg·mL−1. GO is dispersed on AC support by the dry
impregnation method: 100mL of the supension was stirred
into 5.000 g of 85°C-dried AC in a 250mL glass beaker at
room temperature for 5 h. �en, the mixture was dried at
85°C for 48 h. �en, it was cooled off in a desiccator. Finally,

we obtained 5.495 g of GO/AC catalyst with a weight ratio of
GO to AC of 1 :10. �e efficiency on the supporting process
was at 99.91%.

2.3. Synthesis of Sulfonated Biochar. �e synthesis followed
two processes:

(i) Carbonation: 40 g of pine sawdust was carbonated in
a furnace under an N2 environment, at 400°C for 5 h
(heating rate of 10°C/min). �e product obtained
was denoted as biochar.

(ii) Sulfonation: 15 g of obtained biochar was stirred at
150°C in 300ml of 98% H2SO4 solution in a three-
neck glass flask of 500ml for 15 h. �e reaction
system was cooled and slowly diluted with 1 L of
distilled water. �en, hot distilled water (80°C) was
used to wash the filtered mixture until the sulfate ion
disappeared (checked by 10% BaCl2 solution). �e
solid was dried at 105°C for 8 h to obtain the final
product—sulfonated biochar catalyst.

2.4. Catalyst Characterization. Sample morphology was
observed by scanning electron microscopy (SEM) using an
S-4800microscope (Hitachi, Japan).�e specific surface area
of the catalysts was measured by BET Micromeritics 201-A.
�e infrared spectrum of the samples, in the wavelength
range of 400–4000 cm−1, was measured on a Tensor 27-
Bruker FTIR Spectrometer. XRD patterns of the catalysts
were measured on a D8 Advance (Bruker) apparatus. A
shaker and pH meter were used for titration. �e acidic
content (-SO3H) of all catalysts was determined by an acid-
base titration method [28]. For example, a suspension which
contains 1 g of catalyst and 50mL of 1M NaCl solution in a
250mL Erlenmeyer flask was shaken at a speed of 130 rpm
for 4 hours. Next, the mixture was filtered. �en, the liquid
was titrated by 0.1M NaOH solution.

�e -SO3H content per 1 g of catalyst is calculated by the
following formula:

N−SO3H �
(0.1 × V)

1
×
50
20

mmol·g−1 , (1)

where V is the volume of used NaOH solution (mL) and
N−SO3H is the -SO3H content per 1 g of catalyst.

2.5. Catalytic Tests. �e activity of the catalysts was evalu-
ated through the esterification reaction between lactic acid
50% (obtained from 85% lactic acid solution by the dilution)
and ethanol (mole ratio 1 : 4) at 82°C [29]. �e weight ratios
of the sulfonated biochar and GO catalysts to lactic acid are
5% and 1%, respectively. Because of the difficulty in filtering,
the weight ratio of GO catalyst cannot be not higher than 1%.
To make it easier to compare the catalytic activity between
GO and GO/AC, the contents of GO included in the GO/AC
catalyst are equal to that of the GO catalyst.

Ethyl lactate product was determined by the internal
standardization method on an Agilent 7890A gas
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chromatograph equipped with an FID. �e yield of ethyl
lactate was calculated by the following formula:

ethyl lactate yield (%) �
nethyl lactate

no
ethyl lactate

× 100, (2)

where nethyl lactate is the real mole of ethyl lactate that is
determined by the gas chromatography test and no

ethyl lactate is
the theory mole of ethyl lactate that is a value with 100%
conversion of lactic acid.

2.6. Recycling Catalyst Tests. After completion of the re-
action, the GO/AC and sulfonated biochar catalysts were
filtered and washed three times by using hot distilled water
(≥80°C). �en, the catalysts were dried at 105°C for 8 h. �e
recycled catalysts were reused for lactic acid esterification.

3. Results and Discussion

3.1. Catalyst Characterization. �e structural properties of
sulfonated biochar, activated carbon, graphene oxide, and
GO/AC determined by the XRD method are shown in
Figure 1. �ere is a broad peak at 20° to 30° of 2-theta-scale;
these data mean that the sulfonated biochar catalyst has an
amorphous structure [10]. �ere is a specific peak observed
at 11° of 2-theta-scale (corresponding to the crystal of
graphene oxide) for both graphene oxide and the GO/AC
catalysts [22]. However, in the case of GO/AC catalyst, the
peak is much lower in intensity. �is result confirmed the
successful synthesis of graphene oxide from expanded
graphite and indicated that there was interaction between
the graphene oxide and activated carbon in the GO/AC
catalyst.

Figure 2 shows the SEM images of the sulfonated bio-
char, activated carbon, graphene oxide, and GO/AC cata-
lysts. �e results indicate a porous structure with large
capillaries, a solid structure, and a transparently layered
structure for the sulfonated biochar (Figure 2(a)), activated
carbon (Figure 2(b)), and graphene oxide (Figure 2(c)),
respectively. Figure 2(d) shows that the GO/AC catalyst
shows a “sandwich” structure in which the activated carbon
is surrounded by graphene oxide layers, proving that the
GO/AC catalyst was successfully prepared.

�e FT-IR spectra of the catalysts are shown in Figure 3.
In the infrared spectra of sulfonated biochar, graphene
oxide, and GO/AC catalysts, there are characteristic vibra-
tion bands of -OH bonding and the C�O group, including
the -COOH functional group at 3416, 3387, 3444 cm−1 and
1709, 1698, 1694 cm−1, respectively. �ere are also valence
vibrations of S�O bonding included in the -SO3H group at
1040, 1059, and 1108 cm−1 [10, 23]. Meanwhile, valence
vibrations of S�O are not observed in the case of the ac-
tivated carbon catalyst, indicating that there is no presence
of -SO3H groups in the activated carbon structure.

Specific surface areas of the catalysts are presented in
Table 1. �e results showed that the areas of the catalysts are
quite high (over 400m2 g−1). Because of the filling of GO
particles in the micropores of the activated carbon, there is a
decrease in the specific surface area of the GO/AC in

comparison with the original activated carbon (150.7m2 g−1
lower). However, after 6 cycles, there was a slight increase of
SBETof GO/AC (49m2 g−1 higher) in comparison with initial
GO/AC. �is can be explained by some reasons. Firstly,
during the esterification, small amounts of GO may be
removed from the surface of AC to the reaction medium.
Moreover, the specific surface area of AC is higher than that
of GO.

Table 1 also presents the sulfonic acid group (-SO3H)
contents of the catalysts.�e results showed that the sulfonic
acid group contents were 1.14mmol·g−1, 0.35mmol·g−1, and
0.92mmol·g−1 for sulfonated biochar, GO/AC, and GO
catalysts, respectively. �ere was not much difference in
sulfonic acid content between GO and sulfonated biochar
catalysts.

3.2. Catalytic Tests. Figure 4 presents the ethyl lactate yield
related to the reaction time for all the catalysts. All the tests
were carried out under the same conditions.

According to the results presented in Figure 4, it can be
seen that the catalytic activity decreases in the following
order: graphene oxide (51.0%)> sulfonated bio-char
(37.0%)≈GO/AC (35.4%)>> activated carbon (20.0%) af-
ter 420min of reaction time. �is order seems to be related
to the sulfonic acid content and dispersion properties of each
catalyst. Although the sulfonic acid content of sulfonated
biochar and graphene oxide is similar (1.14mmol·g−1 and
0.92mmol·g−1, respectively), graphene oxide catalysts
showed much higher activity than the sulfonated biochar
catalysts, which may be due to the higher dispersion of
graphene oxide in aqueous medium compared to sulfonated
biochar. As previously mentioned, the dispersion of gra-
phene oxide was high as a “pseudo-homogeneous” catalyst
because there is the presence of numerous hydrophilic
functional groups (-COOH, -OH, and -CHO) in its struc-
ture. Consequently, it is easy for the “accessible sulfonic
groups” of graphene oxide catalyst to be active in the reaction
that leads to an increase in ethyl lactate yield. However, its
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Figure 1: XRD patterns of sulfonated biochar (a), activated carbon
(b), graphene oxide (c), and GO/AC (d).
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drawback is a difficulty with filtering or taking the catalyst
away from the reactants. Hence, we only used 1% by weight
of graphene oxide in order to be able to analyze ethyl lactate
by gas chromatography.

In the case of the sulfonated biochar and GO/AC cat-
alysts, their catalytic activities are similar, although the
-SO3H content of the GO/AC catalyst is only 0.35mmol·g−1,
which is three times lower than that of the sulfonated
biochar catalyst. �is result confirms that a good combi-
nation of graphene oxide and activated carbon can serve as a
catalyst for the esterification of lactic acid. As shown in

Table 1, there is no -SO3H group included in the structure of
activated carbon, explaining why this catalyst showed the
lowest catalytic activity.

3.3. Recycling Tests of Catalysts. �e GO/AC and sulfonated
biochar catalysts were recycled six and four times, re-
spectively. Ethyl lactate yields of each recycling test are
presented in Figure 5. Figure 5(a) noted that the activity of
GO/AC catalyst decreased slowly from the 1st to the 3rd
cycle, respectively, from 35.4% to 30.3% after a reaction time
of 420min, that means 14.4% of reduction, and it seem to be
unchanged from 3rd to 6th cycles, the percentage of decrease
is only 3.3%. In the same way, with sulfonated biochar
catalyst (see Figure 5(b)), the activity was decreased from
37.0% in the 1st cycle to 26.1% in the 4th cycle, that is equal to
29.5% of reduction. Hence, stability of GO/AC is much
higher than sulfonated biochar catalyst.
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Figure 3: FT-IR spectra of activated carbon (a), sulfonated bio-
char (b), graphene oxide (c), and GO/AC (d).

Table 1: Specific surface areas and sulfonic acid group (-SO3H)
content of the catalysts.

Catalysts SBET
(m2·g−1)

-SO3H content
(mmol g−1)

Sulfonated biochar 423.4 1.14
Sulfonated biochar after 4
cycles of reaction — 0.64

Activated carbon 721.1 0
Graphene oxide 215.9 0.92
GO/AC 570.3 0.35
GO/AC after 6 cycles of reaction 618.9 0.29

(a) (b)

(c) (d)

Figure 2: SEM images of sulfonated biochar (a), activated carbon (b), graphene oxide (c), and GO/AC (d).

4 Journal of Chemistry



�e -SO3H contents presented in Table 1 confirm that
the durability of GO/AC is higher than sulfonated biochar
catalyst. In details, the functional group in GO/AC re-
duced from 0.35mmol·g−1 to 0.29mmol·g−1 that means
17.1% of decrease after 6 cycles. However, the value of
sulfonated biochar is near 2.6 times higher, 43.9%, after 4
cycles. �e result also confirms that in the active phase, GO
was well dispersed and attached onto the support, acti-
vated carbon.

In addition to the strong attachment of graphene oxide
onto activated carbon, it seems that the sulfonic group
-SO3H of the GO/AC catalyst was more stable than that of
the sulfonated bio-char. To explain this phenomenon, FT-IR
spectra of 6-times recycled graphene oxide catalyst are
presented in Figure 6. �e FT-IR spectra of the GO/AC after

6 cycles of reaction also showed vibrations at 3423 cm−1,
1705 cm−1, and 1080 cm−1 corresponding to the presence of
the -OH, -COOH, and -SO3H groups, respectively.

In our knowledge, there are some qualitative causes of
the bond between GO and AC support. Firstly, the con-
nection as esterification of the similar functional groups like
carboxyl (-COOH) and hydroxyl (-OH) (see Figure 7),
which present in both GO and AC surface [30], can con-
tribute to the combination to become stronger. Moreover, Ai
and Jiang [31] reported another explanation that both GO
and AC include aromatic rings in their structure. It means
that π-π interactions may present when GO is coated on AC
surface. As a result, the combination becomes better.

Because of some above results, GO/AC catalyst shows
not only better catalytic activity but also higher stability than
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Figure 5: Test of recycled GO/AC (a) and sulfonated biochar (b) catalysts.
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sulfonated biochar in lactic acid esterification to form ethyl
lactate. �is catalyst demonstrates a combination of “solu-
bility” of the active-phase graphene oxide and a high surface
area as well as ease of separation of the activated carbon.

4. Conclusions

Graphene oxide, graphene oxide supported on activated
carbon (GO/AC), and sulfonated biochar catalysts were
synthesized and investigated as acidic heterogeneous cata-
lysts for lactic acid esterification to form ethyl lactate. �e
catalytic activity of the catalysts is in the following order:
graphene oxide> sulfonated bio-char≈GO/AC> activated
carbon. It seems that catalytic activities are related to the
-SO3H content, especially the accessible -SO3H content.
Among the catalysts, the GO/AC and sulfonated biochar
catalysts showed similar activity with an approximate yield
of 35% ethyl lactate after 420min of reaction time. �is
catalytic activity of GO/AC is remarkable because of the
presence of only 1% by weight GO as the active phase. In
addition, the results of the recycled catalyst tests showed that
the GO/AC catalytic activity was stable after the 3rd cycle and
reached a yield of 30.3% ethyl lactate after 420min of re-
action time. Under the same reaction conditions, the

catalytic activities of sulfonated biochar decreased sharply
with a decrease in ethyl lactate yield from 37.0% to 26.1%
after four recycling times. �e remarkable catalytic activity
and stability of the GO/AC catalyst are explained by good
dispersion, stability of partial esterification, and the π-π
interactions between active-phase graphene oxide and ac-
tivated carbon. From the point of view of application, it is
concluded that the GO/AC catalyst shows high potential as a
catalyst for the esterification of lactic acid.
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