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RAPID COMMUNICATION

Synthesis of acrylic acid from methyl lactate over calcium phosphate 
catalysts in a fixed bed reactor: time-on-stream behavior and kinetic analysis

Atte Ahoa, P€aivi M€aki-Arvelaa, Narendra Kumara, Ilari Angervob, Kari Er€anena, Johan W€arnåa, Tapio Salmia, 
and Dmitry Yu Murzina 

aLaboratory of Industrial Chemistry and Reaction Engineering, Johan Gadolin Process Chemistry Centre, Åbo Akademi University, Åbo, 
Finland; bWihuri Physical Laboratory, University of Turku, Turku, Finland 

ABSTRACT 
Transformation of methyl lactate to acrylic acid was investigated over Ca3(PO4)2, Ca2(P2O7) 
and their mixture in the temperature range of 250-425 �C. The initial concentration of 
methyl lactate in water was varied from 2 wt% to neat methyl lactate. The results showed 
that these phosphate catalysts did not contain any measurable amounts of either acid sites 
or basic sites. The best catalyst was Ca3(PO4)2 giving 62% selectivity to acrylic acid at 75% 
conversion at 400 �C using GHSV of 95280 h−1 and 2 wt% methyl lactate in the initial feed. 
This catalyst exhibited larger surface area in comparison to Ca2(P2O7). Elemental analysis 
revealed that some Ca leaching occurred during reaction, while in case of Ca2(P2O7) the cal
cium leaching was 3.4 fold higher than observed for Ca3(PO4)2. Long-term results over 
Ca3(PO4)2 showed that extensive catalyst deactivation occurred during the first 11 h time- 
on-stream, after which the activity dropped only slightly. In addition to kinetic studies with 
different parameters, also, kinetic modeling was performed and the activation energies for 
formation of different products were determined over different catalysts.

KEYWORDS 
Acrylic acid; calcium 
phosphate; kinetic 
modeling; methyl lactate   

Introduction

Acrylic acid and its esters, acrylates, have a wide 
application range as monomers for the eventual 
production of paints, coatings, adhesives, super
absorbent etc. (Murphy et al. 2018). Currently, 
acrylic acid is mainly produced through selective 
oxidation of fossil propylene (Zhang et al. 2016). 
In a two-step process propylene is oxidized in the 
first step to propenal followed by its oxidation to 
acrylic acid giving ca. 90% of the overall yield 
(Tich�y 1997). The idea to produce bioacrylic acid 
from renewable resources has attained a lot of 
interest in the recent years (Holmen 1958; Walkup 
et al. 1993; Tam et al. 1997; Shi et al. 2007; Wang 
et al. 2008; Zhang et al. 2008; Lee et al. 2010; 
Sun et al. 2010, 2009, 2011, 2014; Hong et al. 
2011, 2014, 2020, 2009; Blanco et al. 2014; 
Ghantani et al. 2014, 2013; Li et al. 2014; Peng 
et al. 2014; Tang et al. 2014a, 2014b; Yan et al. 

2014a, 2014b, 2011; N€afe et al. 2015; Yuan et al. 
2015; Lari et al. 2016; Murphy et al. 2016a, 2016b, 
2017; Liu et al. 2020;Nekkala et al. 2022; Sobu�s 
and Czekaj 2022; Dhiman et al. 2023). Different 
biomass derived feedstock has been applied as a 
raw material to synthesize bioacrylic acid, such as 
lactic acid (Holmen 1958; Walkup et al. 1993; 
Tam et al. 1997; Wang et al. 2008; Sun et al. 2010, 
2009; Blanco et al. 2014; Ghantani et al. 2014, 
2013; Peng et al. 2014; Zhang et al. 2014, 2011; 
Tang et al. 2014a, 2014b; N€afe et al. 2015; Yuan 
et al. 2015; Lari et al. 2016; Yan et al. 2020, 2014a, 
2014b, 2011; Nekkala et al. 2022; Sobu�s and Czekaj 
2022; Dhiman et al. 2023) and alkyl lactates (Shi 
et al. 2007; Zhang et al. 2008, 2009; Lee et al. 2010; 
Hong et al. 2011; Li et al. 2014; Wang et al. 2014; 
Murphy et al. 2017, 2016a, 2016b; Liu et al. 2020), 
glycerol (Talebian-Kiakalaieh et al. 2014), fumaric 
acid (Burk et al. 2011) and 3-hydroxypropionic 
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acid (Craciun et al. 2009). The latter can be pro
duced by fermentation of sugars (Jiang et al. 2009) 
with fumaric acid also present in the fermentation 
broth (Burk et al. 2011). Recently, processes to gen
erate 3-hydroxypropionic acid and further trans
form it to acrylic acid have been developed by 
several companies, including BASF, Dow Chemical, 
Cargill and Novozymes (Rodrigues 2022). Lactic 
acid, which can be formed from sugars over hetero
geneous catalysts (M€aki-Arvela et al. 2020) or by 
fermentation of biomass (Datta and Henry 2006) 
has been intensively used as a feedstock for synthe
sis of acrolein. The drawback in using fermentation 
for lactic acid synthesis is the high boiling point 
and chemical instability of lactic acid requiring its 
conversion into metal salts before separation and 
purification from the fermentation broth (Datta 
and Henry 2006). One of the initial reports for 
dehydration of lactic acid to acrylic acid goes back 
all the way to 1950s (Holmen 1958) using Na2SO4 
and CaSO4 as catalysts. Superficially, the reactions 
taking place during dehydration of methyl lactate 
to either acrylic acid or methyl acrylate are fairly 
simple with only one major side reaction forming 
acetaldehyde, carbon monoxide and methanol as 
shown in Scheme 1. Possible de-esterification of the 
methyl acrylate to acrylic acid can occur if the reac
tions are carried out in the presence of water.

Several types of catalysts have been used in 
transformations of methyl lactate to acrylic acid 
including alkali metal cation exchanged zeolites 
(Murphy et al. 2018; Yan et al. 2020) as well as 
sodium and calcium phosphates (Zhang et al. 
2009; Lee et al. 2010; Hong et al. 2011). High 
acrylic acid yields were obtained with calcium 
phosphates, such as Ca3(PO4)2-SiO2 (Lee et al. 
2010) and Ca3(PO4)2-Ca2(P2O7) composite cata
lyst (Hong et al. 2011). In the former case, the 
combined selectivity to acrylic and methyl acryl
ate was 77% at 74% conversion (Lee et al. 2010). 
The same activity was retained for 100 h continu
ous reaction giving the final selectivity to acrylic 
acid and methyl lactate of also 77%. In the case 
of Ca3(PO4)2-Ca2(P2O7) at 91% conversion select
ivity to acrylic acid and methyl lactate was 75% 
and 5%, respectively (Hong et al. 2011). The 
desired catalyst properties were reported to be of 
moderate acid-base strengths. However, the cata
lytic data (Lee et al. 2010; Hong et al. 2011) with 

calcium phosphates as catalysts are rather limited 
as neither gas phase analysis nor carbon balances 
were reported.

The aim in this work was to synthesize, charac
terize and test Ca3(PO4)2 and Ca2P2O7 catalysts in 
transformations of methyl lactate to acrylic acid. 
The main parameters were the initial concentra
tion of methyl lactate, temperature, the gas and 
liquid flow rates. Furthermore, the time-on-stream 
behavior, the carbon balance and the gas phase 
composition will be reported and the catalyst per
formance will be correlated with their properties. 
In addition, kinetic modeling was performed.

Experimental

Chemicals

The chemicals used in the work are listed below: 
methyl lactate (Aldrich, 98%), acrylic acid 
(Aldrich, 99%), acetaldehyde (Fluka, �99.5%), 
methanol (Sigma-Aldrich, �99.9%), methyl acryl
ate (Alfa Aesar, 99%), Na3PO4�12H2O (Sigma- 
Aldrich, �98%), Na4P2O7 (Sigma-Aldrich, �95%), 
CaCl2�2H2O (Sigma-Aldrich, �99%), argon 
(Woikoski, N50), CO/CO2 calibration gas 
(Woikoski, 1%, 1%), pyridine, (Acros Organics, 
99%) and ion-exchanged water (ELGA, Purelab 
Chorus, 18.2 MX.cm).

Catalyst synthesis

Calcium phosphate synthesis
Calcium phosphate was prepared according to 
the procedure reported by Hong et al. (Hong 
et al. 2011). The preparation was carried out by 
precipitating a 250 mL solution of 0.4 M Na3PO4�

12H2O with a slow addition of 100 mL 1.6 M 
CaCl2�2H2O solution at 60 �C. After precipitation, 
the solid material was recovered through filtra
tion, washed twice through re-dispersion in ion- 
exchanged water with filtration between the washing 
steps, dried at 80 �C overnight and finally heated to 
500 �C for 6 h.

Calcium pyrophosphate synthesis
Calcium pyrophosphate Ca2P2O7 was prepared 
according to the procedure reported by Hong 
et al. (Hong et al. 2011) with some modifications. 
The preparation was carried out by precipitating 
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a 250 mL solution of 0.488 M Na4P2O7 with a 
slow addition of 100 mL 2.68 M CaCl2�2H2O 
solution at 60 �C. While Hong et al. (Hong et al. 
2011) carried out precipitation at the room tem
perature, at room temperature solubility of 
Na2P2O7 in water is very limited and therefore, 
the synthesis was carried out at 60 �C. After pre
cipitation, the solid material was recovered through 
filtration, washed twice through re-dispersion in 
ion-exchanged water with filtration between the 
washing steps, dried at 80 �C overnight and finally 
heated to 500 �C for 6 h.

Preparation of composite material
The composite Ca3(PO4)2 þ Ca2P2O7 materials 
was prepared through dispersion of equal parts 
of the calcium materials, described above, in 
350 mL ion-exchanged water, filtered, washed and 
dried at 80 �C and finally thermally treated at 
500 �C for 6 h.

Catalyst characterization

XRD
The X-ray diffraction (XRD) characterization was 
performed using PANalytical Empyrean diffract
ometer with five axis goniometer. An Empyrean 
Cu LFF X-ray tube was used and the X-ray radi
ation was filtered to include only components of 
Cu Ka1 and Cu Ka2. The results were analyzed 
with MAUD (Material Analysis Using Diffaction) 
analysis program. Instrumental broadening was 
evaluated with the Si standard sample. The results 
were obtained with 2h scan range from 5� to 120�.

SEM-EDX
A Leo Gemini 1530 microscope, Scanning 
Electron Microscopy (SEM), was used to study 
the crystal morphology, shape and size of the cat
alysts. The elemental compositions of the cata
lysts were analyzed by Energy-dispersive X-ray 
spectroscopy (EDX) coupled to SEM.

TEM
The catalysts were investigated by Transmission 
Electron Microscopy (TEM) using a JEOL JEM- 
1400 Plus microscopy equipped with a bottom 
mounted OSIS Quemesa digital camera.

N2-physisorption
The specific surface area of the catalysts was 
measured with a Micrometrics MicroActive 3Flex 
3500. Prior to the surface area measurements, the 
catalyst samples were outgassed at 250 �C for 4 h.

Pyridine-FTIR
Pyridine was used as a probe molecule to deter
mine the acidity, its strength and type of acid sites 
by Fourier Transformed Infrared Spectroscopy 
(FTIR), (ATI Mattson FTIR). The catalysts were 
pressed into thin disks and placed in a cell. Prior to 
pyridine adsorption at 100 �C (30 min) the cell was 
outgassed at 450 �C for 1 h followed by desorption 
at 250 �C, 350 �C and 450 �C. The spectra were 
recorded at 100 �C in between every desorption 
temperature. Spectral bands at 1545 cm−1 and 
1450 cm−1 were used to identify Brønsted (BAS) 
and Lewis acid sites (LAS), respectively.

Ammonia TPD
Temperature programmed desorption of ammonia 
(NH3-TPD) was performed using Microtrac Belcat 
II equipment equipped with a thermal conductivity 
detector. The catalyst sample (ca. 50 mg) was pre
treated at 300 �C for 1 h. Thereafter, the sample 
was cooled to 100 �C, ammonia (5% in He, 30 mL/ 
min) was adsorbed at 100 �C for 30 min to the 
catalyst, followed by flushing with 30 mL/min of 
helium at the same 100 �C for 1 h before finally 
decreasing the temperature to 50 �C. The desorp
tion of NH3 was monitored with the TCD as the 
temperature was increased from 50 to 600 �C with 
a heating rate of 10 �C/min, after reaching the final 
temperature it was kept isothermal for 20 min. The 
response of the TCD was calibrated by analyzing 
known concentrations of NH3 in helium to quan
tify the amount of desorbed ammonia.

CO2-TPD
Basicity was determined by temperature pro
grammed desorption (TPD) of CO2 using a 
Microtrac MRB, Belcat II device. The catalyst sam
ple was dried in the sample tube prior to adsorp
tion of CO2 at 400 �C for 30 min. Adsorption of 
CO2 was carried out at 100 �C for 30 min with a 
20 mL/min flow. The TPD of CO2 was performed 
with a heating rate of 10 �C/min from 100 �C to 
600 �C, the desorbed CO2 was flushed away from 
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the sample tube with a 20 mL/min flow of helium 
and analyzed with an OmniStar mass spectrometer.

Reactor set-up and experimental procedure

The reactor set-up consisted of a quartz reactor 
tube (L¼ 40 cm, I.D. 9.4 mm) heated by a 
Carbolite (MTF 12/25/250) furnace. The reactor 
tube was placed in aluminum blocks to improve 
the heat transfer from the furnace to the reactor 
tube. A K-type thermocouple was used to moni
tor and control the temperature of the furnace, 
the tip of the thermocouple was placed in a way 
that it was at the same height as the catalyst in 
the reactor tube. An Eldex pump pushed the 
methyl lactate solution to the reactor. The react
ant bottle was placed on a Precisa 12400 DG- 
FRSCS balance to quantify the feeding rate. Argon 
was used to flush the gaseous methyl lactate – 
water vapor through the reactor with the argon 
flow controlled with a Brooks Mass Flow 
Controller (5850 E Series). Both the gas and liquid 
flows entered from the top of the reactor tube. 
Downstream the reactor a spiral cooler of the size 
35� 3 cm was applied to condense the liquid 
products at 0.5 �C with a LAUDA Ecoline RE106. 
The liquid products were collected in a 25 mL 3- 
neck bottle and the samples were withdrawn peri
odically from it. The uncondensed gases were 
passed to a Siemens Ultramat 6 CO/CO2 analyzer.

In a typical experiment, the reactor was filled 
by plugging the bottom part of the reactor tube 
with quartz wool to prevent that the reactor con
tent could come out. Then 15 g of (3 mm) glass 
beads were loaded to the reactor placing them 
thus at the bottom. Thereafter a thin layer of 
quartz wool was placed above the glass beads, fol
lowed by 0.5 g of quartz sand (250-355 mm), 
50 mg of the catalyst (125-250 mm), 0.5 g of 
quartz sand, 5 g of glass beads and finally 5 g of 
quartz sand to fill the remaining part of the 
reactor tube. Thin layers of quartz wool were 
placed between every type of the reactor content 
to avoid mixing of them and allow easy separ
ation after the experiments.

After the reactor was filled, it was placed inside 
the aluminum block and subsequently inside the 
furnace, secured to the inlet and leak-tested. 
Thereafter, heating of the furnace was started with 

a 5 �C/min heating rate. When the desired reac
tion temperature was reached, typically starting at 
250 �C, pumping of the methyl lactate solution 
was commenced along with the data logging for 
gas concentrations. The liquid samples were with
drawn for analysis every hour by first removal of 
the waste samples 30 min prior to sampling. The 
temperature program used for catalyst screening 
was 1 h at 250-375 with 25 �C increments. The 
reactor operated under atmospheric pressure.

Product analysis

The concentrations of CO and CO2 were ana
lyzed with a Siemens Ultramat 6 gas analyzer. 
The analyzer was calibrated with a calibration gas 
containing 1% of both CO and CO2. The liquid 
products and the reactant solution were analyzed 
with a Hewlett Packard (HP 6890 Series) gas 
chromatograph equipped with a flame ionization 
detector (FID). The column used for separation 
of the reactant and products was an Agilent 
Technologies DB-FFAP 60 m x 0.250 mm, 0.25 
Micron. The temperature program used in the 
GC-analysis was as follows: starting at 50 �C with 
2 min hold, heating to 220 �C with 10 �C/min and 
then holding for 10 min hold. Quantification of 
the detected compounds was done by using the 
FID response factor obtained through analyzing 
known concentrations of methyl lactate, acrylic 
acid, acetaldehyde, methanol and methyl acrylate. 
Note, that the boiling point of acetaldehyde is 
20.2 �C. Therefore, preparation of acetaldehyde 
standard solutions was made in chilled volumet
ric flasks and diluted with cold ion-exchanged 
water. Moreover, it is possible that a certain 
amount of acetaldehyde is not condensed and 
collected in the cooler used in the reactor set-up.

Calculations

Conventional expressions for conversion, selectiv
ity and yield have been used. Methyl lactate con
version was calculated from

X ¼
c0 − ci

c0
(1) 

where c0 indicates the concentration in the feed and 
ci the concentration in a reaction mixture sample.
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Selectivity was calculated with the following 
equation:

S ¼
cp, i

c0 − cI
(2) 

The space time yield (STY) was related to the 
unit of time and catalyst mass:

STY ¼
_nAA

mcat
(3) 

Where _nAA is the molar flow of acrylic acid in 
the reaction mixture sample and mcat catalyst 
mass. No stoichiometric factors were applied in 

the calculations since all products are formed in 
1:1 ratio to methyl lactate as shown in Scheme 1.

The carbon balance (CB) was calculated with 
Equation (4) taking into account reactions 
stoichiometry:

XCB ¼
4ci þ 3cAA, i þ cMeOH, i þ 3cCO, i þ cCO2, i

4c0
(4) 

where cAA,I is the concentration of acrylic acid, 
cMeOH,I concentration of methanol, cCO,i and 
cCO2,i concentrations of carbon monoxide and 
carbon dioxide. The coefficients before the con
centrations indicate the number of carbon atoms 

Scheme 1. A Reaction scheme for dehydration of methyl lactate to acrylic acid and methyl acrylate as well as the main parallel 
side reactions to acetaldehyde.
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in each compound, except for cCO,I where it origi
nates from the sum of carbon atoms in CO and 
acetaldehyde. The reason for not using the concen
tration of acetaldehyde obtained with GC analysis is 
a probability that not all acetaldehyde is collected in 
the cooler, as explained above, and therefore a more 
precise carbon balance could be obtained by using 
the concentration of CO instead of acetaldehyde.

Results and discussion

Catalyst characterization results

TEM results
The calcium-phosphate catalysts were investigated 
by TEM, shown in Figure 1. Calcium phosphate 
particles of the diameter in the range of 40 nm to 
60 nm have a round shape or partially elongated 
shapes. At this magnification calcium pyrophos
phate structure is rather similar to the structure 
of calcium phosphate.

SEM-EDX results
Two different calcium-phosphate catalysts were also 
investigated by SEM-EDX with the micrographs 

shown in Figure 2. The surface morphology differs 
significantly between the two calcium-phosphate 
catalysts. The surface of the Ca3(PO4)2 catalyst 
(Figure 2a) is fairly uniform with significant surface 
roughness, while the Ca2P2O7 catalyst (Figure 2b) 
exhibits both rough and smoother areas. The sam
ples were prepared through precipitation of sodium 
phosphates with CaCl2, thus presence of sodium 
could be anticipated. The sodium content of the 
catalysts was determined by SEM-EDX being 1.1% 
and 10.2% for Ca3(PO4) and Ca2P2O7 catalysts, 
respectively. A reason for the high sodium content 
in the latter is probably due to a low solubility of 
Na4P2O7, as reported above in the section on prep
aration of this material.

The elemental analysis of the spent Ca2P2O7 
and Ca3(PO4)3 is also reported in Table 1. The 
results showed that the Ca/P ratio for the fresh 
and spent Ca2P2O7 decreased from 1.1 to 0.9, 
while the corresponding values for Ca3(PO4)3 
were 2.2 and 2.1, respectively. These values dem
onstrate that the Ca/P ratio decreased for the for
mer one by 17%, while for Ca3(PO4)3 the Ca/P 
ratio decreased only by 5%.

Figure 1. TEM images of (a) Ca3(PO4)2 and (b) Ca2(P2O7) catalysts.

Figure 2. SEM images of (a) Ca3(PO4)2 and (b) Ca2P2O7 catalysts.
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XRD-results
The XRD results for the fresh Ca3(PO4)2 and 
Ca2P2O7 are shown in Figure 3. XRD pattern of 
the fresh Ca3(PO4)2 can be explained with the 
presence of a single phase of Ca10(PO4)6(OH)2 
(Ardanova et al. 2010) (space group P63/m). A fit
ted model of the diffraction pattern is presented 
in Figure 3a. Figure 3b diffraction results for the 
fresh Ca2P2O7 with various phase candidates. 
A reasonable match with the diffraction results 
and the model was obtained with the combination 
of four fitted phase candidates including Ca2P2O7 

(Boudin et al. 1993), Ca5(PO4)3Cl [ICDD PDF 04- 
023-5241], NaCa(PO4) (Ben Amara et al. 1983) 
and Na2Ca(P2O7) (Bennazha et al. 1999).

N2-physisorption results
The specific surface area, the pore volume and 
the pore radius were measured for some selected 
catalysts as listed in Table 2. For both materials, 
these surface areas are lower than those reported 
in Hong et al. (2011). One reason for the lower 
surface area of calcium pyrophosphate could be 
its high sodium content. Specific surface area of 
the spent Ca3(PO4)2 was 31% lower than that for 
the fresh one which is apparently related to cata
lyst deactivation.

Pyridine-FTIR, ammonia TPD and CO2 TPD results
No meaningful acidity could be determined by 
FTIR of pyridine being at the background level. 
However, when the acidity of both catalysts was 
determined by ammonia TPD the results showed 
that Ca3(PO4)2 exhibited more than 11 fold 
higher acidity than Ca2P2O7 (Figure 4). The spe
cific acidity of the materials is 485 mmol/g and 
43 mmol/g for the Ca3(PO4)2 and Ca2P2O7, 
respectively. This result is in accordance with the 
trend reported by Hong et al. (2011), with acidity 
of Ca3(PO4)2 being ca. 2 fold higher than for 
Ca2P2O7.

No CO2 signal could be detected with the MS 
indicating absence of basic sites that could 
adsorb CO2.

Table 1. Elemental analysis of Ca2P2O7 and Ca3(PO4)2 catalysts.

Element
Ca2P2O7 Ca2P2O7 spent Ca2P2O7theor. Ca3(PO4)2 Ca3(PO4)2 spent Ca3(PO4)2,theor.

wt% wt% wt% wt% wt% wt%

O 41.9 45.7560:36 44.08 49.1960:25 44.5260:46 41.27
Na 11.4660:11 15.1260:13 0 1.1760:06 1.1160:08 0
P 21.9660.11 18.3660.12 24.38 15.4160.11 16.4960.11 19.27
Cl 0.7260.04 0.3160.05 0 0.4060.03 0.3160.05 0
Ca 23.9660.12 16.6860.14 31.55 33.7560.19 33.9760.20 38.76
Si 0 0 0 0.0760.03 0.0960.03 0

Figure 3. Diffractograms of (a) Ca3(PO4)2, (b) Ca2P2O7 with fit
ted standardized diffraction patterns.

Table 2. Nitrogen physisorption results for some of the tested 
catalysts.
Catalyst A (m2/g) V (cm3/g) r (nm)

Ca3(PO4)2 16 (11)a 0.01 0.995
Ca2P2O7 <1
ain parenthesis for the spent catalyst.
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Catalytic results

Activity and temperature dependence
Prior to catalytic tests a blank run was performed 
without any catalyst, resulting in a very low 
methyl lactate conversion. Two different phos
phates were investigated in synthesis of acrylic 
acid from methyl lactate, namely calcium phos
phate Ca3(PO4)2 and calcium pyrophosphate 
Ca2P2O7 as well as their mixture. It was observed, 
that these catalysts were not very active in the 
temperature range of 250 – 375 �C, when the 
experiments were performed at a specific tem
perature for 1 h and then increasing temperature 
to the next temperature level. Maximally 21% 
and 6% conversion was obtained with Ca3(PO4)2 
and Ca2P2O7, respectively (Figure 5). Selectivity 
to acrylic acid was over the former catalyst max
imally 51%, while for Ca2P2O7 it was only 21% 
(Figure 4). These results are related to a low spe
cific surface area of the latter catalyst as well as 
its high sodium amount.

When, however, temperature was increased 
and the experiments were started at 375 �C and 
continued up to 425 �C, much higher conversion 
(Figures 6 and 7) and the space-time yields of 
acrylic acid (Figure 8) were obtained. It can, 
however, be observed that the space time yield of 
acrylic acid was 3.4 fold higher with Ca3PO42 
than over Ca2(P2O7). It is also noteworthy that 
the space time yield for acrylic acid was increas
ing when increasing temperature from 375 �C to 
400 �C, while at 425 �C only slightly higher 

maximum STY for acrylic acid was obtained. As 
a comparison, the space time yield for acrylic 
acid formation was calculated to be 16 mmol/ 
(min. gcat) over Ca3(PO4)2 at 390 �C in Hong 
et al. (2011). This result indicates that the catalyst 
in the current work is even more active than pre
viously reported (Hong et al. 2011).

Selectivity values to acrylic acid obtained for 
both Ca3(PO4)2 and Ca2P2O7 are presented in 
Figure 7d and Table 3. Selectivity to acrylic acid 
increased from the initial level of 46% to 58% at 
78% conversion, whereafter it slightly deceased. 
Analogous results were obtained in Wang et al. 
(2014) in methyl lactate dehydration over 
K2HPO4-Al2(SO4)3/MCM-41 catalyst in the tem
perature range of 320- 410 �C above which select
ivity to acrylic acid decreased. In (Wang et al. 
2014) such decrease was explained by a lower sta
bility of the carboxylic group in the acrylic acid 
at a very high temperature. As a comparison to 
Hong et al. (2011) reporting methyl lactate 
(50 wt% in water) dehydration over Ca3(PO4)2- 
Ca2(P2O7) in the temperature range of 350- 
400 �C it was observed that conversion increased 
from 30% to 95%, while acrylic acid selectivity 
decreased at the same time from 78% to 71%. 
In addition, selectivity to methyl acrylate and 
acetaldehyde increased from 3% to 6% and 13% 
to 16%.

Figure 4. Ammonia TPD results for Ca3(PO4)2 and Ca2(P2O7).
Figure 5. Selectivity as a function of conversion in methyl lac
tate transformation to acrylic acid (AA). Notation: 1. 250 �C, 2. 
275 �C, 3. 300 �C, 4. 325 �C, 5. 350 �C, 6. 375 �C. Conditions: 
GHSV ¼ 95280 h−1, contact time 30 s, catalyst mass 50 mg.
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When a mixture of Ca3(PO4)2 and Ca2P2O7 
catalysts was used in methyl lactate transforma
tions (Figure 9), the CO/CO2 ratio decreased for 
Ca3(PO4)2 with increasing conversion and tem
perature. For Ca2P2O7 this ratio was nearly con
stant, while for the mixture of the two catalysts 
the CO/CO2 ratio increasing initially up to 73% 
conversion, after which it remained nearly con
stant at the level of 9.8. These results showed 
clearly that Ca3(PO4)2 with a higher acidity pro
moted decarboxylation, because the CO/CO2 
ratio decreased at 425 �C (Tables 3 and 4), while 
similar values were obtained for acrylic acid and 
methanol. At the same time, selectivity to acetal
dehyde increased slightly. It should also be noted 
that selectivity to acetaldehyde should also be 
higher for Ca3(PO4)2 based on its acidity, even if 

acetaldehyde selectivity can be somewhat uncer
tain because of its low boiling point.

Long term stability in isothermal dehydration 
of methyl lactate at 400 �C was also investigated 
for Ca3(PO4)2 (Figure 10a).

The extent of catalyst deactivation, defined as 
a decrease of conversion with time was 0.02%/ 
min. The carbon balance in the liquid phase 
increased with increasing time on stream from 
79% to 88%, which could be also connected to a 
decrease of activity with time-on-stream related 
to carbon deposition on the catalyst surface. 
Selectivity to acrylic acid decreased only slightly 
from the maximum value of 62% at 62% conver
sion to 57% at 87% conversion (Figure 10b), 
while selectivity to acetaldehyde of ca. 5% was 
constant. The CO/CO2 ratio decreased with 

Figure 6. Methyl lactate transformation over Ca3(PO4)2. (a) Conversion and concentration of components, (b) selectivity to different 
products and carbon balance as a function of conversion in, (c) and (d) are the corresponding graphs for Ca2(P2O7). Conditions: 
GHSV ¼ 95280 h−1, contact time 30 s. Notation: Ca3(PO4)2 mass 150 mg, Ca2(P2O7) mass 500 mg, liquid flow 0.1 ml/min. The vertical 
lines correspond to changes in the temperature with the same catalyst.
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increasing conversion from 4.0 to 2.6 (not 
depicted here) and methanol selectivity dropped 
from 92% to 87%, which is in line with the 
increased decarboxylation route.

Effect of gas hourly flow rate
Effect of the gas hourly space velocity varied with 
increasing TOS from 95280 h−1 to 31800 h−1 in 
methyl lactate transformations over Ca3(PO4)2 at 
400 �C (Figure 11).

The results demonstrated that conversion was 
initially decreasing with increasing TOS, however, 
after 120 min of TOS, conversion was not affected 
by the change in gas hourly space velocity because 
a high excess of argon molar flow in comparison to 
molar flow of methyl lactate was used. The extent 

Figure 7. Methyl lactate transformation over a mixture of Ca3(PO4)2 and Ca2(P2O7). (a) conversion and concentrations of compo
nents and (b) selectivity to different products and carbon balance as a function of conversion in in the temperature range of 275- 
375 �C, (c) and (d) the corresponding data in the temperature range of 375-425 �C. Conditions: GHSV ¼ 95280 h−1, contact time 
30 s. Experimental conditions: catalyst mass 200 mg, liquid flow 0.1 ml/min. Carbon balance was not determined for the mixture at 
250-375 �C.

Figure 8. Space time yield for acrylic acid as a function of 
time on stream over Ca3(PO4)2, Ca2(P2O7) and their mixture 
Ca3(PO4)2-Ca2(P2O7) in the temperature range 375 �C to 425 �C.
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of catalyst deactivation was initially 0.13%/min, 
however, decreasing to the level of 0.02%/min for 
63480 h−1 and 31800 h−1 gas space hourly velocities. 
Carbon balance in the liquid phase increased slightly 
from ca. 81% to ca. 88% with increasing TOS from 
30 min to 360 min when conversion decreased from 
87% to 64%, respectively. However, acetaldehyde 
selectivity increased with the lowest gas hourly space 
velocity. As a comparison analogously a lower car
rier gas flow rate (smaller gas hourly space velocity) 
gave lower acrylic acid selectivity in methyl lactate 
transformations over modified CaSO4 catalyst at 
400 �C (Zhang et al. 2008). The gas phase analysis 
showed that CO/CO2 ratio decreased with increas
ing conversion from 3.7 to 3.0.

Effect of liquid hourly space velocity
The effect of the liquid phase hourly space vel
ocity, investigated by varying it in the range of 
30-120 s (Figure 12), demonstrated that when 
conversion decreased at shorter residence times, 
selectivity remained quite constant pointing out 
on parallel reactions.

The carbon balance in the liquid phase 
increased from 83% with 30 s residence time to 

Table 3. Catalytic results from methyl lactate transformation to acrylic acid over Ca3(PO4)2, Ca2P2O7 and their mix
ture. Conditions: GHSV ¼ 95280 h−1, contact time 30 s at 85% conversion at 425 �C. Notation: CB is carbon balance.
Catalyst mcat. (mg) CB (%) SAcrylic acid (%) SAcetald (%) SMeOH (%) CO/CO2

Ca3(PO4)2 150 87 57 4 87 1.6
Ca2P2O7 500 86 57 6 87 4.2
Ca3(PO4)2þCa2P2O7 200 87 57 7 86 9.2

Figure 9. CO/CO2 Ratio as a function of conversion for differ
ent catalysts. The catalyst amounts are Ca(PO4)3 150 mg, 
Ca2(P2O7) 500 mg, and 200 mg for the mixture.

Table 4. Methyl lactate transformations at 400 �C over 
Ca(PO4)2 catalysts using neat and 80 wt% methyl lactate as a 
feedstock at 20% conversion.

Feed
Sacrylic acid  

(%)
Smethyl acrylate  

(%)
SMeOH  

(%)
Sacetaldehyde  

(%) CO/CO2

Neat methyl  
lactate

9 13 42 1 1.2

80 wt% methyl  
lactate

22 3.4 71 5 1.75

Figure 10. Methyl lactate transformation over Ca3(PO4)2 at 
400 �C: (a) conversion and yield as a function of time-on-stream, 
and (b) selectivity and carbon balance as a function of conversion. 
Conditions: GHSV ¼ 95280 h−1, contact time 30 s. Experimental 
conditions: catalyst mass 150 mg, liquid flow 0.1 ml/min.
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94% for 60 s residence time. Further increase to 
120 s resulted in 78% carbon balance closure, 
which can be explained by more prominent for
mation of oligomers not visible in the GC ana
lysis. The gas phase analysis revealed that CO/ 
CO2 ratio was the highest for the shortest liquid 
residence time of 30 s being 4.0, while for 60 s 
and 120 s it was 3.4 and 2.4, respectively.

Effect of initial methyl lactate concentration
When the initial concentration of methyl lactate 
in the feed was also varied in the range of 
2-10 wt% no methyl acrylate was visible in the 
product mixture, while with neat and 80 wt% 
methyl lactate methyl acrylate was also present 

(see below). Initially the extent of catalyst deactiva
tion was 0.098%/min when using 2 wt% methyl 
lactate in the feed. The deactivation rate increased 
by a factor 12 when increasing the initial methyl 
lactate concentration to 5 wt%. When additionally 
increasing the methyl lactate yield to 10 wt%, a 
further activity decline was rather minor.

The carbon balance in the liquid phase 
increased with increasing TOS after each adjust
ment of the liquid flow rate (Figure 13).

Selectivity to acrylic acid increased with 
increasing TOS after each change in the initial 
methyl lactate concentration. With the highest ini
tial methyl lactate concentration only 53.5% select
ivity to acrylic acid was obtained in comparison to 
ca. 58% at lower initial methyl lactate concentra
tions. A steady-state selectivity to acrylic acid was 

Figure 11. Methyl lactate transformation over Ca3(PO4)2 at 
400 �C, (a) conversion and yield vs time on stream, (b) selectiv
ity and carbon balance as a function of conversion. Notation: 
Gas hourly space velocity (GHSV) 1. 95280 h−1, 2. 63480 h−1 

and 3. 31800 h−1. Experimental conditions: catalyst mass 150 mg, 
liquid flow 0.1 ml/min.

Figure 12. Methyl lactate transformation over Ca3(PO4)2 at 
400 �C using different liquid flow rates. (a) Conversion and 
concentrations of components, (b) selectivity and carbon bal
ance as a function of conversion in GHSV ¼ 95280 h−1, liquid 
contact time 30, 60 and 120 s. Experimental conditions: catalyst 
mass 150 mg, liquid flow 0.05, 0.1 and 0.2 ml/min.
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not achieved with increasing TOS, while selectivity 
to acetaldehyde was constant.

The results using higher initial methyl lactate 
concentrations (neat and 80 wt% methyl lactate) 
are shown in Figures 14 and 15. Conversion 
decreased more rapidly with the neat methyl lac
tate as a feed (Figure 14).

The carbon balance and selectivity to different 
liquid phase products are depicted as a function 
of conversion using neat and 80% methyl lactate 
as a feed in Figure 15. Carbon balance increased 
from 73 to 100% with decreasing conversion 
from with neat methyl lactate as a feedstock and 
an analogous trend was observed for 80 wt% 
methyl lactate as a feed. The steady state rate for 
transforming methyl lactate, reached after 100- 
200 min of TOS and defined as moles of converted 

methyl lactate per minute per catalyst mass, were 
0.2 mmol/min/gcat and 0.32 mmol/min/gcat for neat 
and 80 wt% methyl lactate, respectively, over Ca2 
(PO4)2 catalyst at 400 �C. The deactivation rate, 
defined as the decrease of conversion per time 
interval (%/min), with neat methyl lactate was 
0.13%/min, while for 80 wt% methyl lactate the 
corresponding value was lower (0.09%/min) show
ing that a higher methyl lactate concentration 
increases catalyst deactivation (Figure 14) in quali
tative agreement with (Zhang et al. 2008).

In methyl lactate transformation over Ca3(PO4)2 
selectivity to the sum of acrylic acid and methyl 
acrylate increased only slightly from 7% to 14% 
after which it started to decrease when using neat 
methyl lactate as a feed. However, in the presence 
of water the yield of acrylic acid was continuously 
increasing until 120 min TOS up to ca. 5% after 
which it remained nearly constant (Figure 14c). 
This result is also in accordance with (Zhang et al. 
2008), when CaSO4 was used as a promoter for 
CuSO4

.5H2O.Na2HPO4. In (Zhang et al. 2008) the 
highest selectivity to the sum of acrylic acid and 
methyl acrylate was 80% with the initial methyl 
lactate concentration of 60% in the feed, while for 
the neat methyl lactate it was only 46%. The 
authors also stated (Zhang et al. 2008) that water 
could inhibit catalyst deactivation minimizing 
acrylate formation by promoting its hydrolysis.

When comparing selectivity of both liquid and 
gas phase products in methyl lactate transformation 

Figure 13. Methyl lactate transformation over Ca3(PO4)2 at 
400 �C using different initial concentrations of methyl lactate. 
Selectivity and the carbon balance as a function of conversion. 
Experimental conditions: catalyst mass 500 mg, liquid flow 
0.1 ml/min.

Figure 14. Conversion of methyl lactate (MeLa) as a function 
of TOS at 400 �C with and 80 wt% methyl lactate as a feed. 
Experimental conditions: catalyst mass 400 mg, liquid flow 
0.1 ml/min.
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over Ca3(PO3)2 at 400 �C with neat and 80 wt% 
methyl lactate as a feedstock (Table 4), it can be 
seen that more methanol is formed in the pres
ence of water, while selectivity to methyl acrylate 
was lower.

When the concentration of methyl acrylate is 
plotted as a function of the concentration of 
acrylic acid (Figure 16), it could be seen that with 
neat methyl lactate formation of acrylic acid was 
very slow after 30 min time on stream even 
decreasing after 60 min TOS, while methyl acrylate 
concentration remained constant after prolonged 
TOS. On the other hand, with 80% methyl lactate 
concentration in the feed, a much higher concen
tration of acrylic acid was obtained with prolonged 
time and the concentration of methyl acrylate 
increased only slightly with TOS, remaining nearly 

Figure 15. Methyl lactate transformation over Ca3(PO4)2 at 400 �C using neat lactate. (a) Conversion and concentrations of compo
nents and (b) selectivity to different products and carbon balance as a function of conversion, (c) and (d) are the corresponding 
pictures for 80 wt% methyl lactate. Experimental conditions: catalyst mass 400 mg, liquid flow 0.1 ml/min.

Figure 16. Concentration of methyl acrylate as a function of 
the concentration of acrylic acid in methyl lactate transform
ation using neat or 80 wt% methyl lactate as a feed at 400 �C 
for (1) 30 min TOS and (2) 60 min TOS.
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constant after 90 min. This result indicates that 
water facilitated hydrolysis of methyl acrylate to a 
certain extent and concentration of acrylic acid 
exhibited a maximum at 120 min TOS, after which 
it declined by 12%. When acrylic acid concentra
tion started to decrease, acetaldehyde concentra
tion increased at the same time to ca. 21%.

The results from the gas phase analysis showed 
that the CO/CO2 ratio decreased with decreasing 
conversion when TOS increased. Furthermore, 
this ratio was much higher when 80 wt% methyl 
lactate was used as a feed in comparison to neat 
methyl lactate (Figure 17), reflecting more prom
inent initial decarbonylation, while with increas
ing TOS and declining catalyst activity, enhanced 
decarboxylation was observed.

Reactor modeling

Quantification of the catalytic performance was 
done through reactor modeling applying the 
dynamic plug flow reactor model as follows:

d _ni

dt
¼ −w

d _ni

dl
þ _V mcatri (5) 

with the following boundary values
d _ni

dt

� �

l¼0
¼ _n0i- _nið Þ (6) 

d _ni

dt

� �

l¼L
¼

d _ni

dl
(7) 

where _n0i and _ni denote the initial molar flow 
and molar flow at time t, mcat is the catalyst 
mass, l is the reactor length, w is the gas velocity, 
_V is the volumetric liquid flow.

The generation rates for the reactant as well as 
for methanol, acrylic acid and acetaldehyde were 
defined as:

Methyl lactate! Acetaldehyde ðreaction 1Þ (8) 

Methyl lactate! Methanol ðreaction 2Þ (9) 

Methyl lactate! Acrylic acid ðreaction 3Þ (10) 

The reaction rates for reactions 1-3 were assumed 
to follow the first order kinetics in methyl lactate

r1 ¼ k1
_nML
_V

(11) 

r2 ¼ k2
_nML
_V

(12) 

r3 ¼ k3
_nML
_V

(13) 

In Equations (11–13) ki denotes rate constants 
of the corresponding reactions.

Numerically Equation (5) was converted to 
ordinary differential equations (ODE:s) by using the 
finite difference approximation, and the obtained 
ODE:s were then solved by the backward difference 
method. For estimation of the unknown parameters 
Simplex and/or the Levenberg-Marquardt method 
was used. The numerical tools are built into the 
software for modeling and optimization ModEst 
(Haario 2001).

The results from kinetic modeling illustrated in 
Figure 18a–c and Table 5 confirm a good fit of the 
experimental data which is also reflected by high 
values of the degree of explanation being 97.15% 
for Ca3(PO4)2, 95.40% Ca2P2O7 and 94.53% for 
Ca3(PO4)2 and Ca2P2O7, respectively. In addition, 
simulated concentration values for different compo
nents are presented in Figure 18d for the methyl 
lactate transformation over a mixture of Ca3(PO4)2 
þ Ca2P2O7 when using the parameters obtained 
separately from Ca3(PO4)2 and Ca2P2O7.

The rate constants for formation of acrylic acid 
were always ca. two fold those of acetaldehyde, 
while the rate constant for methanol formation was 
the smallest one. On the other hand, the activation 
energy for formation of acetaldehyde and acrylic 
acid was approximately the same for Ca3(PO4)2, 

Figure 17. The CO/CO2 ratio as a function of conversion in 
methyl lactate transformation with neat and 80 wt% methyl 
lactate as a feed at 400 �C with 400 mg of Ca3(PO4)2.
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while for Ca2P2O7 the activation energy for acetal
dehyde formation was lower than the one for 
acrylic acid.

As a comparison, activation energies for reac
tions 1-4 in Scheme 1 were determined for methyl 
lactate dehydration over CaSO4 catalyst promoted 
by KH2PO4, Na2HPO4 and CuSO4. For formation 
of methyl acrylate (reaction 1) the activation energy 
was 38.1 kJ/mol in good agreement with the current 

work, while for formation of acrylic acid (reaction 
2) and acetaldehyde (reaction 3 and 4) the corre
sponding activation energies were 64.1 kJ/mol and 
65.2 kJ/mol, respectively (Zhang et al. 2008).

Conclusions

Transformation of methyl lactate to acrylic acid 
was investigated using Ca3(PO4)2, Ca2P2O7 and 

Figure 18. Concentration of methyl lactate (blue, o), methanol (red, þ), acrylic acid (black,�) and acetaldehyde (purple, o).

Table 5. Parameter values and relative standard errors obtained in methyl lactate transformation over different catalysts.

Parameter

Ca3(PO4)2 Ca2P2O7 Ca3(PO4)2 þ Ca2(P2O7)

Parameter value
Relative standard  

error (%) Parameter value
Relative standard  

error (%) Parameter value
Relative standard  

error (%)

k1 (min−1) 10.1 9.1 0.87 11.4 5.89 13.1
k2 (min−1) 4.4 22.9 0.32 34.3 1.66 56.8
k3 (min−1) 20.5 4.4 1.52 6.0 10.7 7.2
EA1 (kJ/mol) 74.1 23.7 93.2 23.5 107 23.5
EA2 (kJ/mol) 111 37.2 148 41.7 228 40.8
EA5 (kJ/mol) 72.4 11.5 117 10.6 132 11.7
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their mixture as catalysts in the temperature range 
of 250 – 425 �C using 2 wt% methyl lactate as a 
feed. These catalysts prepared in house did not 
exhibit any measurable basicity, acidity, measured by 
NH3-TPD, were 485 mmol/g for the Ca3(PO4)2 and 
43 mmol/g for the Ca2P2O7 catalysts. The specific 
surface area of Ca3(PO4)2 was 16 m2/g, while for 
Ca2P2O7 it was less than 1 m2/g. The catalytic results 
showed that only above 375 �C sufficient conversions 
were obtained, being 89% for Ca3(PO4)2 and 90% 
for Ca2P2O7, respectively at 425 �C with gas hourly 
space velocity of 95280 h−1. The maximum space 
time yield for acrylic acid was 62 mmol/(min. gcat) 
for Ca3(PO4)2, while for Ca2P2O7 it was 3.4 fold 
lower, which can be explained by a low surface area 
of the latter catalyst. In addition, Ca/P ratio in the 
spent catalysts decreased 17% for Ca2P2O7, while the 
corresponding decrease for Ca3(PO4)2 was only 5%. 
Kinetic constants and activation energies were deter
mined by kinetic modeling resulting in the activation 
energy for formation of acrylic acid and acetalde
hyde of 64.1 kJ/mol and 65.2 kJ/mol, respectively.

The effect of other parameters, such as the liquid 
and gas flow rates and initial methyl lactate concen
tration in the feed were also investigated. The 
results showed that selectivity remained constant 
when changing the residence time, pointing out on 
parallel reactions for formation of acrylic acid and 
acetaldehyde. The effect of gas hourly space velocity 
on selectivity was inferior. Conversion of methyl 
lactate decreased with increasing initial methyl lac
tate concentration and at the same time selectivity 
to acrylic acid and methyl acrylate decreased. 
Furthermore, when using 80 wt% methyl lactate in 
the feed, the initial decarbonylation was more 
prominent than in the case of neat methyl lactate 
as a feedstock. Catalytic activity, however, declined 
with increasing time-on-stream and at the same 
time decarbonylation reaction was enhanced. Long- 
term stability tests with Ca3(PO4)2 showed that 
after initial deactivation during 11 h time-on-stream 
the activity dropped only slightly. At the same 
time, selectivity to acrylic acid dropped from 62% 
only to 57%.
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