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ABSTRACT: Activated carbon-supported CuO catalysts were
prepared by an ammonia evaporation method and applied to
catalyze the selective oxidation of glycerol to lactic acid. The effects
of CuO loadings on the structure and catalytic performance of the
catalyst were investigated. Results showed that CuO could be
dispersed uniformly on the surface of activated carbon, promoting
the increase of the reaction rate and accelerating the glycerol
conversion significantly. As CuO loadings increased, the rate of
glycerol consumption and yield to lactic acid was increased.
However, too high CuO loadings would destroy the original pore
structure of activated carbon and aggravate the agglomeration of
CuO, resulting in a decrease in the catalytic performance of the
catalyst. The best catalytic performance was obtained over 10% CuO/AC when the reaction temperature was 190 °C and the
reaction time was 5 h. At this point, the selectivity to lactic acid reached 92.61%. In addition, power-function type reaction kinetic
equations were used to evaluate the effect of glycerol and NaOH concentrations and the reaction temperature on the oxidation of
glycerol to lactic acid over 10% CuO/AC. The activation energy of the reaction is 134.39 kJ·mol−1, which is higher than that using
single CuO as the catalyst. This indicates that CuO/AC is more temperature-sensitive than CuO and can probably achieve a higher
lactic acid yield at high temperatures. At the same time, it is indicated that CuO supported on activated carbon can enhance the
catalytic activity of CuO effectively.

1. INTRODUCTION
In the field of renewable energy utilization, biodiesel has broad
development prospects and has received widespread atten-
tion.1−3 During the production process of biodiesel, a large
amount of byproduct glycerol is inevitably generated, with 10
kg of glycerol produced for every 100 kg of biodiesel.4−7 The
continuous large-scale production of biodiesel has directly led
to a decrease in glycerol market prices. However, glycerol can
be used as an inexpensive raw material to produce high-value-
added chemicals, such as lactic acid (LA), dihydroxyacetone
(DHA), acrylic acid, 1,2-propanediol, etc.8−13

Among them, lactic acid as the most important raw material
can be applied to the production of biobased chemicals,14−16

which have a wide range of applications in food,
pharmaceuticals, cosmetics, etc.17−19 So far, lactic acid is
mainly produced by traditional fermentation routes, which
have a low yield and high cost. The production of lactic acid
through chemical catalysis has become another alternative and
promising pathway. In 2005, Kishida20 reported that the
highest yield of 90% to lactic acid was obtained by
homogeneous catalysis of glycerol in a strongly alkaline
aqueous solution (NaOH) at 300 °C under hydrothermal
conditions for the first time. The realization of the large-scale
production of lactic acid by chemical synthesis to replace the
traditional fermentation process is full of possibilities.

The most critical technology for catalyzing glycerol to
produce lactic acid is the catalyst. In the past decade, the
catalysts used for glycerol oxidation to produce lactic acid were
mainly focused on noble metals, such as Pt, Pd, Au, Ir, Ru,
etc.,21−29 and the lactic acid yields were close to 60% in most
studies. However, by considering the cost of noble metals,
some researchers began to apply non-noble metals in the
conversion of glycerol to lactic acid, among which copper-
based catalysts showed the best catalytic performance.30 It is
reported that oxide phases (CuO and Cu2O) are more efficient
than metallic copper for the glycerol conversion.31,32 In
addition, the catalytic performance of CuO is superior to
that of Cu2O under the same reaction conditions.31

Some researchers have supported CuO onto carriers to
further improve the catalytic activity of the catalysts.
Commonly used carriers include SiO2 and metal oxides.
When the copper oxide is supported onto SiO2 and Al2O3, high
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lactic acid selectivity is obtained (78−80%), and the glycerol
conversions are 75 and 98%, respectively.32 Due to the strong
alkalinity of the reaction system, the conventional carrier SiO2
and metal oxide Al2O3 are not stable enough for long-term
reactions. When using metal oxides as carriers, CuO/CeO2
catalysts demonstrated excellent properties with a conversion
of 87% and a yield of 64.38% to lactic acid (8 h, 220 °C, under
a N2 atmosphere).33 The CuO/ZrO2 catalysts with 30% CuO
loadings exhibited 67.5% glycerol conversion and 85% lactic
acid yield (1.4 MPa of N2, 160 °C, 6 h).34 In addition, metal
oxide carriers also have the problems of multiple side reactions
and high cost.35 Compared to other carriers, carbon materials
are considered the most commercially valuable carriers because
of their stable physicochemical properties and low price.
Among carbon carriers, activated carbon (AC) is popular due
to its large specific surface area and excellent structural
stability.

Activated carbon-supported copper oxide (CuO/AC)
catalysts have exhibited a superior oxidation performance
compared to CuO in tail gas treatment.36−38 Moreover, CuO
supported onto activated carbon is beneficial for increasing the
number of active sites in the catalyst and providing oxygen
vacancies to accelerate the formation of free radicals.37

Compared with CuO, the cyclic stability of CuO/AC is
significantly improved due to the excellent performance of AC
and its special function as a good support material for the
surface bonding of CuO.39 The surface of the CuO/AC
catalyst has a higher charge transfer rate than unsupported
CuO. To the best of our knowledge, CuO/AC catalysts have
not been used for the hydrothermal conversion of glycerol to
lactic acid.

At present, the main methods for loading CuO onto carriers
are impregnation and hydrothermal and deposition precip-
itation.40−42 Compared to the above methods, ammonia
evaporation provides higher metal utilization. Moreover, the
active ingredient can be formed with high stability and is
uniformly dispersed with a smaller particle size.

In this work, activated carbon-supported copper oxide
(CuO/AC) composites with different loadings were synthe-
sized by the ammonia evaporation method and used to
catalyze the conversion of glycerol to lactic acid. The
dispersion state of CuO species at different loadings was
analyzed by X-ray diffraction (XRD), scanning electron
microscoy (SEM), and transmission electron microscopy
(TEM) characterizations. The effects of reaction parameters,
such as time, temperature, and the NaOH/glycerol molar ratio,
on the catalytic performance of CuO/AC were investigated in
detail. In addition, the reaction rate changes of CuO/AC with
different CuO loadings were compared by plotting a quasi-first-
order rate model. The effect of different reaction conditions on
glycerol conversion was evaluated by using a power-function

type reaction kinetics equation to calculate the reaction orders
and activation energy.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. CuO/AC catalysts were

synthesized by an ammonia evaporation method. A certain
amount of Cu(NO3)2·3H2O was dissolved in 78 mL of
deionized water under stirring at 60 °C. Ammonia aqueous
solution (25−28%) was then added dropwise until the pH
value of the solution reached 8. Five gram of activated carbon
was dispersed in the above copper precursor solution, which
was stirred for 4 h and then heated up to 90 °C to allow for the
evaporation of ammonia and the deposition of copper species
onto activated carbon. The evaporation was stopped after the
pH of the suspension was decreased to 7. The mixture was
filtered and washed three times with deionized water. The
obtained solid was dried overnight at 100 °C and calcined at
250 °C for 4 h under a N2 atmosphere. Samples are denoted by
X CuO/AC, where X indicates the CuO loading (Table 1).
2.2. Characterization. The CuO loadings in X CuO/AC

composites were determined using an inductively coupled
plasma optical emission spectrometer (ICP-OES, Thermo
ICAP PRO). For analysis, composites were dissolved in a
mixture of perchloric acid and nitric acid. N2 physisorption
analyses were performed using an Autosorb-IQ gas adsorption
analyzer (Beijing Builder, China) at 77 K. The samples were
degassed at 150 °C for 3 h under vacuum before the
measurement. Specific surface areas were obtained using the
multipoint Barrett−Emmett−Teller (BET) method. The pore-
size distribution was determined by the Barrett−Joyner−
Halenda (BJH) method from the desorption branches of the
adsorption isotherms. Powder X-ray diffraction (XRD)
measurement of the samples was conducted on a Shimadzu-
7000 X-ray generator with Cu Kα (λ = 0.1541 nm) radiation.
The X-ray intensity was measured over a 2θ diffraction angle
from 10 to 55°. The morphologies and microstructures were
observed by scanning electron microscopy (SEM, Gemini 300-
71-31) and transmission electron microscopy (TEM, JEM-
2100 PLUS). The TEM specimens were prepared by placing a
drop of CuO/AC anhydrous ethanol suspension onto a coated
molybdenum grid. The particle size distributions of the CuO
nanoparticles on the activated carbon support were measured
from the SEM images by counting at least 100 individual
particles. The average particle sizes of the CuO nanoparticles
on the activated carbon support were calculated by a weighted-
average method according to the individual particle sizes of all
of the counted particles.
2.3. Catalytic Test. The oxidation of glycerol to lactic acid

was carried out in a 100 mL autoclave reactor (NSG100-P5-
T3-SS1-SV-R, Anhui Kemi Machinery Technology Co., Ltd.,
Hefei, China). Typically, 15 g of 20 wt % (mass fraction)

Table 1. Catalyst Naming, CuO Loadings, and Textural Properties of Catalysts

CuO loadings (wt %)

sample Cu(NO3)2·3H2O addition amount (g) theoretical valuea actual valueb SBET (m2·g−1) pore radius (nm)
AC 924 3.76

5% CuO/AC 0.9438 5.85 5.78 894 3.76
10% CuO/AC 1.8875 11.05 11.12 836 3.66
15% CuO/AC 2.8313 15.72 16.27 404 2.69
20% CuO/AC 3.7750 19.91 19.65 343 2.33

aCalculated by the loading formula: loading (wt %) = mass ofactive component/(mass of active component + mass of carrier). bMeasured by ICP-
OES.
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glycerol aqueous solution, NaOH, and 0.6 g of the catalyst
were added into the vessel and reacted in an air atmosphere at
a temperature range of 150−210 °C. The self-generated
pressure of the system during the reaction process was 1.5−2
MPa. After the reaction was completed, the system was
centrifuged to separate the catalyst and then 1 M dilute sulfuric
acid was added until the solution achieved a pH value of 2.
Two times the solution volume of ethanol was added to the
acidified solution in order to remove inorganic salts from the
sample. Then, the products were analyzed using an Agilent
1200 high-performance liquid chromatograph (HPLC) with a
refractive index detector (RID) and a C18 column. The mobile
phase was a mixture of acetonitrile/water (v/v) = 1:4 at a flow
rate of 1 mL·min−1. The glycerol conversion, selectivity, and
yield of lactic acid were calculated according to eqs 1−3:

X
n n

nGly
feed remained

feed
=

(1)

S
n

n nproduct
product

feed remained
=

(2)

Y
n

nproduct
product

feed
=

(3)

where XGly is the glycerol conversion, nfeed is the initial molar
amount of glycerol, and nremained is the remaining molar amount
of glycerol after the reaction; nproduct is the molar amount of the
product, and Sproduct and Yproduct represent the selectivity and
yield of the product, respectively.

3. RESULTS AND DISCUSSION
3.1. Characterization. The actual loadings of CuO in the

CuO/AC catalysts were analyzed by ICP-OES and the results
are shown in Table 1. It is shown that the actual CuO loadings
were in good agreement with the theoretical values and that
the error at the maximum between the theoretical loadings and
the actual loadings of the CuO/AC catalyst was 3.38%. The
specific surface area and pore size of CuO/AC are shown in
Table 1. At low loadings (5−10%), the specific surface area of
CuO/AC and the pore size are very close to the original
specific surface area of activated carbon. At the highest 20%
loadings, the specific surface area of CuO/AC is only 343 m2·
g−1, which is only 37.1% of the original specific surface area of
activated carbon. The results showed that CuO did not affect
the original pore structure of activated carbon under low CuO
loadings (5−10%). When the loadings were increased, the
CuO particles assembled and blocked some of the pores of
activated carbon, resulting in a decrease of the specific surface
area. The N2 adsorption−desorption isotherms of CuO/AC
catalysts with different loadings are shown in Figure S1. All of
the isotherms are type IV with H2 hysteresis loops. The
saturated adsorption plateau of the CuO/AC catalysts
gradually decreased with increasing loadings, which indicated
that the adsorption capacity of the catalysts decreased and the
micropore volume decreased with increasing CuO loadings.
The hysteresis loop decreased at 15−20% CuO loadings,
which indicated a decrease in the internal pore size.

The XRD patterns of CuO/AC catalysts with different
loadings are shown in Figure 1. The XRD pattern of activated
carbon displays two broad diffraction peaks of (002) and (101)
(2θ = 24.16 and 43.64°, respectively) corresponding to the
characteristic reflections of the crystalline graphite-like
structure.43−45 Meanwhile, the characteristic diffraction peaks

of CuO (2θ = 32.496, 35.495, and 38.730°) prove that CuO
has been supported on activated carbon. The 5 and 10% CuO/
AC catalysts do not show significant diffraction peaks of CuO
in the XRD patterns, probably due to the poor crystallinity of
CuO at the low loadings.46 The crystallite sizes of CuO are
estimated by Scherrer’s equation. Results show that the
crystallite sizes of CuO increased from 11.22 ± 0.11 to
12.47 ± 0.15 nm when the loadings increased from 5 to 20%.
It is also indicated that loaded CuO in the catalysts was all in
the nanoscale.

SEM images of CuO/AC catalysts with different loadings are
listed in Figure 2. Pure activated carbon shows a fragmented
morphology of a few micrometers to tens of micrometers,
which remains after the deposition of CuO. Dense packed
clusters of the CuO nanosphere with different diameters are
formed on the surface and pores of activated carbon. As shown
in Figure 2a,b, nanosized CuO particles are attached to the
surface of bulk activated carbon at low loadings (5−10%),
whereas serious clustering of CuO appeared with the increase
of loadings. In addition, with the increase of CuO loadings, the
CuO particles become larger, while the agglomeration
phenomenon is more serious (Figure 2c,d). With the CuO
loadings increasing to 15−20%, the surface support skeleton of
activated carbon is corroded during deposition and new bores
are formed due to the increase of Cu2+ ions.47 Through the
creation of new surface bores, the activated carbon pores are
clogged with larger CuO nanoparticles, leading to a decrease in
the specific surface area at high CuO loadings.

EDS spectroscopy was used to determine the elemental
composition and contents of samples. The EDS spectra of four
CuO/AC composites with different loadings shown in Figures
S2−S5 indicate the presence of C, O, and Cu elements in all
samples. Based on the elemental ratios of Cu and O in the EDS
spectra, it is concluded that the copper species existed in the
form of CuO. At the same time, the weight percentages of
CuO in the samples increased with increasing loadings.

Figure 3 shows the TEM, high-resolution transmission
electron microscopy (HRTEM), and elemental mapping
images of the CuO/AC catalysts. The average particle sizes
of CuO particles in 5, 10, 15, and 20% CuO/AC catalysts were
29.726, 37.417, 37.999, and 42.949 nm, and the corresponding
particle size distributions were 19.764−43.564, 25.636−
56.236, 25.195−60.395, and 29.646−66.746 nm, respectively.

Figure 1. XRD patterns of CuO/AC catalysts with different loadings.
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It is apparent that the average particle sizes of CuO
nanoparticles increased with the increase of CuO loadings.

For 5% CuO/AC, no visible CuO particles were observed
(Figure 3a) due to the low CuO loading. Nevertheless, the
results of elemental mapping show that the copper element is
uniformly distributed on the surface of activated carbon
(Figure 3a, II and III). With the increase of CuO loadings,

irregularly shaped CuO is present in the layers as well as on the
surface of activated carbon (Figure 3b−d). All of the changes
in the size and shape of the CuO particles were caused
probably by the increased CuO loadings on activated carbon
and localized changes of the CuO contents, which could
influence the growth process of CuO in samples. Based on the
results of elemental mapping images (Figure 3b, II and III), it

Figure 2. SEM images of CuO/AC catalysts: (a) 5% CuO/AC, (b) 10% CuO/AC, (c) 15% CuO/AC, and (d) 20% CuO/AC.

Figure 3. (I) TEM and HRTEM images and (II, III) elemental mapping analysis of CuO/AC catalysts with different loadings: (a) 5% CuO/AC,
(b) 10% CuO/AC, (c) 15% CuO/AC, and (d) 20% CuO/AC.
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is illustrated that CuO particles in the 5% CuO/AC sample still
maintain a relatively well-dispersed state, but a small portion of
regional aggregation has occurred. For samples with high CuO
loadings (15 and 20% CuO/AC), severe aggregation is clearly
observable (Figure 3c,d). Therefore, at high CuO loadings,
there are large CuO-enriched regions on the surface of
activated carbon, and the aggregations are aggravated.
3.2. Catalytic Performance. The results of the catalytic

performance are summarized in Table 2. Adding only activated

carbon had almost no activity in the conversion of glycerol to
lactic acid. Single CuO exhibited a high glycerol conversion of
97.75% but a low selectivity of 56.89% to lactic acid. As
expected, a significant enhancement of 18.39−28.37% in
selectivity to lactic acid was observed over 5−15% CuO/AC at
the same amount of catalysts, whereas there has been a varying
degree (11.64−23.67%) of decrease in glycerol conversion,
mainly attributed to the decrease in the absolute amount of
CuO. Unexpectedly, 20% CuO/AC shows the lowest glycerol
conversion and selectivity to lactic acid, probably due to the
occurrence of serious clustering of CuO particles under too
high CuO loadings as well as the less CuO absolute amount.
About 70% yield to lactic acid was obtained via 10% CuO/AC
and 15% CuO/AC catalysts, 15% higher than that of single
CuO, indicating that CuO supported on activated carbon with
a larger specific surface area would enhance its catalytic
performance.

Figure 4 shows the glycerol conversion, reaction rate
profiles, and yields to lactic acid over CuO/AC catalysts at
different reaction times at 200 °C. As shown in Figure 4a, with
the extension of the reaction time from 2 to 7 h, all CuO/AC
catalysts exhibited a continuous increase in glycerol con-
version. The highest conversion of 93.11% was obtained after 7
h of reaction on the 10% CuO/AC catalyst. The reaction rate
profiles represented in Figure 4a show that 15% CuO/AC
possessed the fastest glycerol consumption rate before 5 h, and
the 10% CuO/AC catalyst had the maximum value after 5 h.
Figure 4b shows that the yields to lactic acid increased sharply
with a reaction time from 2 to 5 h. The maximum yield of
70.23% to lactic acid was obtained with 10% CuO/AC for 5 h.
As the reaction time continued to extend, the yield to lactic
acid showed a significant downward trend.

Figure 5 demonstrates the relationship between ln(1 − X)
(glycerol conversion is X) and the reaction time. The straight
lines with different slopes are obtained, and all of them have
good linear regression coefficients. This is commonly used to
test the first-order rate law for batch reactors, which shows that
the rate of glycerol consumption has a first-order relationship
with glycerol concentration.48 As shown in Figure 5, all straight

lines do not pass through zero, probably due to the reacted
amount of glycerol before the reactor reached 200 °C (retimed
after the temperature reached 200 °C). Among these, 10%
CuO/AC shows the largest reaction rate constant of 0.4043
h−1, while 20% CuO/AC shows the smallest.

Based on the highest yield to lactic acid and the reaction
rate, as well as the maximum reaction rate constant obtained at

Table 2. Catalytic Performance Results of CuO/AC
Catalystsa

catalyst XGly (%) Slactic acid (%) Ylactic acid (%) C balance (%)

AC 57.23 13.37 7.65 51.20
CuO 97.75 56.89 55.61 57.86
5% CuO/AC 74.08 75.28 55.77 81.69
10% CuO/AC 86.11 81.56 70.23 84.12
15% CuO/AC 84.79 82.26 69.75 84.96
20% CuO/AC 64.18 26.30 16.88 67.70

aReaction conditions: 20 wt % glycerol aqueous solution, glycerol/
NaOH molar ratio of 1:1, catalyst amount of 0.6 g, reaction
temperature of 200 °C, and reaction time of 5 h.

Figure 4. Effect of the reaction time on the performance of CuO/AC
catalysts at 200 °C: (a) glycerol conversion and reaction rate profiles
and (b) the yield to lactic acid.

Figure 5. Quasi-first-order kinetic models obtained using CuO/AC
catalysts with different loadings. The reaction conditions are the same
as those in Figure 4.
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5 h, the following experiments were carried out using the 10%
CuO/AC catalyst. The glycerol conversion, selectivity, and
yield to lactic acid of 10% CuO/AC at different reaction
temperatures are shown in Figure 6. When the reaction

temperature was increased from 150 to 210 °C, the glycerol
conversion increased from 65.41 to 84.95%. The selectivity to
lactic acid increased from 7.34 to 92.61% first and then
gradually decreased to 40%. The results show that the reaction
temperature had a significant effect on the conversion of
glycerol to lactic acid, and the suitable reaction temperature
range was 190−200 °C. As the temperature increases, the
reaction rate increases, leading to an increase in the glycerol
conversion rate. After reaching the maximum value of 73.85%
at 190 °C, the yield to lactic acid decreased with an increase in
temperature, which was attributed to the increase in by-
reactions and the further oxidation of lactic acid.

Figure 7 shows the effect of the molar ratio of glycerol/
NaOH on the catalytic performance over the 10% CuO/AC
catalyst at 190 °C for 5 h. First, the glycerol conversion was

only 11.73% without adding NaOH into the reaction system,
and no lactic acid was detected in the product. With the molar
ratio of glycerol/NaOH increasing from 1:0.5 to 1:1.5, the
glycerol conversion increased from 28.3 to 91.08%. Meanwhile,
the selectivity to lactic acid decreased from 92.61 to 50%. It is
indicated that a higher NaOH concentration is beneficial to the
conversion of glycerol, but at the same time, it intensifies the
further oxidation of lactic acid. It is documented that the
presence of NaOH has a positive effect on glycerol
protonation; thus, the increase in the molar ratio of glycerol/
NaOH promotes the conversion of glycerol. It is also reported
that a low concentration of NaOH was more effective in
obtaining high glycerol conversions due to the relative
solubility in water,49 and excess NaOH leads to the
decomposition of the product into carbonates in an air
atmosphere.50

3.3. Reaction Kinetics Model. Considering the best
catalytic activity for the hydrothermal conversion of glycerol to
lactic acid, 10% CuO/AC was selected as the catalyst model to
investigate the reaction kinetics.

To determine the parametrization of reaction kinetics,
several experiments were carried out to determine the reaction
time and the effect of stirring speed. Raising the autoclave
temperature to the prescribed reaction temperature from room
temperature needed ca. 0.75 h without stirring. The experi-
ments showed that glycerol was almost not converted during
the period of increasing the reaction temperature to 190 °C
without stirring (Table S1). Furthermore, when the reactions
were carried out at 500 and 800 rpm for 1 h, the glycerol
conversions were close to each other (Table S1), indicating
that the diffusion effect was eliminated at 500 rpm.51,52

A power-function type reaction kinetic equation (eq 4) was
used to investigate the effect of reaction parameters, such as
glycerol concentrations, NaOH concentrations, and the
reaction temperature on the glycerol consumption rate over
10% CuO/AC catalysts.

r
n

m t
kC C

d
dA
A

A
a

B
b

cat
= =

(4)

where −rA is the rate of glycerol consumption, mol·gcat
−1·h−1;

mcat is the amount of catalyst, g; nA is the mole number of
glycerol, mol; t is the reaction time, h; CA and CB are the
concentrations of glycerol and NaOH, respectively, mol·L−1;
and a and b are the number of reaction orders of glycerol and
NaOH, respectively.

The reaction rate constant k follows the Arrhenius equation
in eq 5:

k A
E

RT
exp a=

(5)

where k is the rate constant; A is the pre-exponential
(frequency) factor; R is the ideal gas constant 8.314 × 10−3

kJ·mol−1·K−1; Ea is the activation energy of the reaction, kJ·
mol−1; and T is the reaction temperature, K.

Equations 6 and 7 are obtained by taking the natural
logarithm of the left and right sides of eqs 4 and 5, respectively.

r k a C b Cln( ) ln ln( ) ln( )A A B= + + (6)

k A
E

RT
ln ln a=

(7)

Equation 7 is substituted with eq 6 to obtain eq 8.

Figure 6. Effect of the reaction temperature on the performance of
the 10% CuO/AC catalyst.

Figure 7. Effect of the molar ratio of glycerol/NaOH on the catalytic
performance over the 10% CuO/AC catalyst.
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r A
E

RT
a C b Cln( ) ln ln( ) ln( )A A B

a= + +
(8)

To calculate the reaction orders of a and b according to the
equation, the initial conversion of glycerol was calculated based
on the data shown in Figure S6a,b, which show the variation of
glycerol conversion with the reaction time at 190 °C under
different initial concentrations of glycerol and NaOH. The
plots of glycerol conversion versus the reaction time were
linear at low glycerol conversions. The initial conversion rates
of glycerol at different initial concentrations of glycerol and
NaOH were calculated at the first hour at 190 °C (Table 3).
By the multiple linear regression method, the reaction orders a
and b were calculated to be 0.37 and 0.87, respectively, and the
reaction rate constant was 0.0243 mol1−(a+b)·gcat

(a+b)−1·h−1 with
a good regression coefficient of 0.9663. The reaction rate
constants and reaction steps for glycerol and NaOH are listed
in Table 3.

The conversion of glycerol at different reaction temperatures
for different reaction time periods was calculated (Figure S6c).
The values of the reaction rate constant at different
temperatures were calculated according to eq 4. According
to eq 7, the pre-exponential factor A and the reaction
activation energy Ea were obtained by the linear regression
method with a good regression coefficient of 0.9823. The
values of k, A, and Ea are listed in Table 4.

All of the experimental data gave good regression
coefficients and were well simulated by using eqs 6 and 7.
Combined with this, eq 8 showed that the power-function type
kinetic model was appropriate for assessing the effect of
glycerol concentration, NaOH concentration, and the reaction
temperature on the hydrothermal conversion of glycerol. The
overall reaction kinetics was expressed as follows:

r A
RT

C Cexp
134.39

(mol g h )A A B
0.37 0.87

cat
1 1= · ·i

k
jjj y

{
zzz (9)

4. CONCLUSIONS

CuO/AC catalysts with different loadings were prepared by
ammonia evaporation. The CuO particles loaded on the
surface of activated carbon ranged from uniformly dispersed at
low loadings to aggregated clusters at high loadings, and the
size of the CuO particles became larger with increasing
loadings. As-prepared CuO/AC exhibited an excellent catalytic
performance for the selective oxidation of glycerol to lactic acid
under alkaline conditions. Moreover, the CuO loadings
showed significant effects on the glycerol conversion and
selectivity of lactic acid. With excessively high loading, CuO
particles blocked the pores of activated carbon and
agglomerated significantly, which decreased the reaction rate
constant and had a disadvantage on the conversion of glycerol.
At 10% loading of CuO, the glycerol conversion was 79.75%
and the selectivity to lactic acid was up to 92.61%. A power-
function type reaction kinetic model well fitted the
e x p e r i m e n t a l d a t a , − r A = A e x p ( − 1 3 4 . 3 9 /RT)
Cglycerol

0.37CNaOH
0.87. The reaction activation energy was

134.39 kJ·mol−1.
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Glycerol conversion over the 10% CuO/AC catalyst at
different stirring speeds (Table S1); N2 adsorption−
desorption isotherm of CuO/AC catalysts (Figure S1);
EDS spectrum of CuO/AC catalysts with different
loadings (Figure S2−S5); and glycerol conversion over
10% CuO/AC catalyst under different initial conditions
(Figure S6) (PDF)

Table 3. Reaction Rate Constant and Reaction Orders over the 10% CuO/AC Catalysta

glycerol (mol·L−1) NaOH (mol·L−1) glycerol conversion (%) reaction rate (mol·gcat
−1·h−1) kb a b R2

1 1 38.09 0.0248 0.0243 0.37 ± 0.07 0.87 ± 0.08 0.9663
0.5 1 61.55 0.0201
1.5 1 30.61 0.0299
2 1 24.99 0.0326
1 0.5 18.7 0.0122
1 1.5 50.88 0.0332
1 2 64.08 0.0418

aExperimental conditions: glycerol aqueous solution, 30 mL; catalyst loading, 0.46 g; reaction time, 1 h; and reaction temperature, 190 °C.
bReaction rate constant k, mol1−(a+b)·gcat

(a+b)−1·h−1.

Table 4. Rate Constant, Frequency Factor, and Activation Energy of the 10% CuO/AC Catalyst

temperature (°C) glycerol conversion (%) ki
c Ad Ea (kJ·mol−1) R2

160a 2.61 0.0017 2.82 × 1013 134.39 0.9823
170a 6.35 0.0041
180a 12.76 0.0083
190b 38.09 0.0248
200a 54.69 0.0357

aExperimental conditions: glycerol aqueous solution, 30 mL; glycerol concentration, 1 mol·L−1; NaOH concentration, 1 mol·L−1; catalyst loading,
0.46 g; and reaction time, 1 h. bThe data was taken from Table 3. cReaction rate constant k at different temperatures, mol1−(a+b)·gcat

(a+b)−1·h−1. dPre-
exponential factor A, mol1‑(a+b)·gcat

(a+b)−1·h−1.
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