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ABSTRACT: Acetylsalicylic acid (aspirin) is a popular over-the-counter medication possessing anti-inflammatory and 
antipyretic properties. Given the large amount of aspirin manufactured annually worldwide, any modification of the manufacturing 
process that could increase its yield or purity would have industrial implications. In this study, we prepared aspirin through the 
esterification of salicylic acid with acetyl anhydride in the presence of phosphoric acid over a duration of 20 min while varying the 
temperature from 50 to 80 °C at 10 °C intervals. We observed increases in the percentage purity and yield of 1.25- and 1.28-fold, 
respectively, upon increasing the temperature from 50 to 80 °C at intervals. Linear relationships existed in the yield and purity of 
the synthetic aspirin, with both increasing upon increasing reaction temperature. 
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�   Introduction
Salicylic acid has been used since ancient times, with the 

Sumerians and Egyptians describing the application of willow 
leaves containing it, for joint pain. In 1828, Johann Buchner at 
the University of Munich purified salicin from willow leaves. 
Still, it was not until Felix Hoffman from Bayer synthesized 
acetylsalicylic acid (aspirin) for the first time that it became a 
staple in medicine cupboards in every home.¹

Salicylic acid is a weak acid isolated initially from the bark 
of the willow tree. Its structure features a hydroxyl (OH) group 
in an ortho position with respect to a carboxylic acid functional 
group on a benzene ring (Figure 1).² 

Approximately 40,000 metric tons of aspirin are produced 
annually worldwide; as such, determining the optimal reaction 
temperature—to give the highest yield and purity—would 
dramatically affect industrial efficiency. The e-factor for the 
equilibrium reaction would also be significantly lower. Yield is 
the ratio of the actual number of moles of the product to the 
theoretical number of moles expected; purity is characterized 
by the mass of the desired chemical relative to the total mass 
of the product.

In this study, we explored the efficiency of the method used 
by pharmaceutical firms to synthesize aspirin: the acetylation of 
salicylic acid with acetic anhydride under reflux. Using an acid 
catalyst for this acetylation provides the reaction with a low-
er activation energy.³ A concentrated acid is preferred because 
the water present in a dilute acid would also react with acetic 
anhydride to form acetic acid. This study aimed to evaluate the 
effect of the temperature of the reaction mixture (50, 60, 70, or 
80 °C) on the yield and purity of the aspirin produced.

Reaction 1 is the primary reaction employed in this study for 
the synthesis of aspirin.

Salicylic acid undergoes acetylation in the presence of acetic 
anhydride and a strong acid catalyst. Salicylic acid can, however, 
also react with acetic acid to form aspirin in an equilibrium 
reaction. As displayed above, acetic acid is a product of Reaction 
1 and can, therefore, react with any unreacted salicylic acid to 
form aspirin, as shown in Reaction 2.

�   Methods
In this experiment, the controlled variables included the time 

under reflux during the synthesis, the quantity of salicylic acid 
used, and the concentration of the acid catalyst (phosphoric 
acid). The independent variable was the temperature of the 
reaction mixture (50, 60, 70, or 80 °C), modified by changing 
the temperature of the water bath. The water bath was 
controlled such that if the water temperature fell below the 
set temperature, then the heating system would switch on to 
keep the actual temperature of the water close to the set value. 
The temperature was measured using a digital thermometer 
with an error of 0.5°C. The dependent variables were the purity 
and yield of the aspirin product. The purity of each aspirin 
sample was measured using a UV–V is spectrophotometer 
(Ultraviolet-Visible Imaging Spectroscope) and a calibration 
curve.⁴,⁵ The percentage purity by mass was calculated from 
the mass of salicylic acid present (i.e., the major impurity) and 
the total mass of the product.⁶ Thin layer chromatography 
(TLC) was used to check the purity of the aspirin. Since 
different compounds have different polarities, TLC can be 
used to identify the compounds present in a mixture because 
each component would have different affinities toward the 
stationary (silica gel) and mobile (solvent) phases.⁷ For this Figure 1: Synthesis of acetylsalicylic acid.
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carboxylic acid and phenol/ester functional groups render sal-
icylic acid and aspirin as relatively polar. 

Procedure
Synthesis of aspirin :
Salicylic acid (2.000 g) was placed in a round-bottom flask 

equipped with a condenser (Figure 2). Cool tap water was 
passed through the condenser to prevent fumes of acetic 
anhydride and acetic acid from escaping and being inhaled 
during the reaction. A water bath was prepared at 50 °C. The 
round-bottom flask was heated in the water bath to a tem-
perature of 50 °C over a period of 10 min. Using a graduated 
pipette, concentrated phosphoric acid (1 mL) and acetic an-
hydride (5 mL) were added to the flask. The amounts of acetic 
anhydride and phosphoric acid were measured in a fume 
hood. The mixture was left to react for 20 min.²,³ Distilled 
water (2 mL) was added to the mixture to stop the reaction 
through hydrolysis of the acetic anhydride. The flask was 
removed from the water bath. Distilled water (10 mL) was 
added slowly at the 21-min mark to decrease the solubility of 
the aspirin in the solvent mixture, inducing it to crystallize. 
The mixture was submerged in an ice bath for 5 min, allow-
ing the aspirin to crystallize further (its solubility decreases at 
lower temperatures). Although the addition of water would 
have caused some of the aspirin to hydrolyze, the extent of 
hydrolysis was minimized by the low temperature of the ice 
bath.   

During the cooling period, a Büchner filter funnel was 
set up using filter paper and some distilled water; prior to 
filtration, the filter paper was weighed to the third decimal 
place. The reaction mixture was then passed through the fun-
nel with vacuum suction and the solids were left to dry for 
20 min under constant vacuum pressure. The dryness of the 
sample was confirmed by treating a small amount of the mix-
ture with cobalt(II) chloride, which would have turned pink 
in the presence of water. The aspirin sample was weighed, 
with the weight of the filter paper subtracted from the total 
weight. This whole process was repeated by applying the oth-
er water bath temperatures (60, 70, and 80 °C). Each run was 
replicated three times to improve the precision of the data 
collected. 

Spectrophotometry:
A solution of 1% ferric chloride was prepared. Iron(III) 

chloride hexahydrate (5.000 g) was added to a 500-mL vol-
umetric flask. 1 M Hydrochloric acid (20 mL) was added to 
the flask, followed by distilled water up to the 500 mL mark. 
This 1% ferric solution was used for the spectrophotometric 
analysis.

A calibration curve was established relating the concen-
tration of the tetraaquosalicylatroiron(III) complex to its 
absorbance. Salicylic acid (0.200 g) was measured, with its 
mass recorded to the third decimal place. Ethanol (10 mL) 
was added to the powder, and then the solution was trans-
ferred to a 250-mL volumetric flask. Distilled water was 
added up to the 250 mL mark. A portion (20 mL) of the 
solution was transferred to a 100-mL volumetric flask. The 
1% ferric chloride solution was added to the flask up to the 
100 mL mark. Four different solutions were prepared to con-
struct the calibration curve, using 2, 4, 6, and 8 mL of the 
complex solution and 8, 6, 4, and 2 mL of water. A spec-
trophotometer was used to determine the absorbance of the 
various solutions; the calibration curve was plotted, with ab-
sorbance on the y-axis and concentration on the x-axis.

To determine the concentration of salicylic acid in a sample 
of crude aspirin, the sample (0.200 g) was weighed and dis-
solved in ethanol (10 mL). The solution was transferred to a 
250-mL volumetric flask, and distilled water was added up to 
the mark. The solution (20 mL) was transferred to a 100-mL 
volumetric flask, and then the 1% ferric chloride solution was 
added up to the mark. A cuvette was filled with the sample, 
and the absorbance was measured at 530 nm.

Measurements of the concentration of salicylic acid were 
used to calculate the aspirin concentration. Because the com-
bined number of moles of unreacted and reacted salicylic acid 
was equal to the initial number of moles present, the number 
of moles of acetylsalicylic acid could be measured by subtract-
ing the number of moles of unreacted salicylic acid from its 
initial number of moles.

Thin layer chromatography:
All of the following steps were performed in a fume hood. 

Three test tubes, A, B, and C, were set up on a rack. Pure 
salicylic acid, pure aspirin, and lab-synthesized aspirin (ap-
proximately one-third of a spatula) were added to test tubes 
A, B, and C, respectively. The aspirin sample was prepared 
by crushing a single tablet of store-bought aspirin (Cardiprin 
100). A mixture of dichloromethane (DCM) and ethanol was 
prepared at a ratio of 1:1, using a 10-mL pipette. A portion 
of the mixture (5 mL) was measured in a measuring cylinder 
and added to each test tube. A TLC plate was marked with a 
horizontal starting line, drawn using a pencil (pen ink would 
have interfered with the results), featuring three equally dis-
tanced starting points labeled A (aspirin), PS (pure salicylic 
acid), and SA (synthesized aspirin). Using capillary tubes, the 
solutions from test tubes A, B, and C were drawn up and 
placed on the respective labeled marks on the TLC plate. The 
spots were left to dry. The last two steps were repeated five 
times to ensure that sufficient quantities of the solutes were 
present on the TLC plate. Ethanol was poured into the chro

Figure 2: Experimental setup for the synthesis of aspirin. 
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Table 2 lists the spectrophotometric data obtained for all of 
the samples of synthetic aspirin. Table 3 lists the corresponding 
TLC data. Table 4 provides the calculated yields and purities 
of the aspirin samples synthesized in this study.

 

matography chamber to a height of at least 1 cm below the 
starting line of the TLC plate.

A lid was placed over the chamber to saturate the cham-
ber with ethanol vapor, thereby preventing the rate of ethanol 
evaporation from significantly exceeding the rate of ethanol 
condensation on the TLC plate. If the evaporation rate were 
significantly higher than the condensation rate, the values of 
Rf obtained would be lower than those expected. The TLC 
plate allowed the mobile phase to move the analytes without 
hindrance. The TLC plate was developed for 1 hr.; the solvent 
level was marked with a pencil line, and then the TLC plate 
was left to dry for another 1 hr. The plate was placed under 
a short-wavelength UV lamp, and the locations of the spots 
of pure salicylic acid, aspirin, and lab-synthesized aspirin were 
identified. The distance between the starting and final points 
was recorded for each spot, as was the distance between the 
starting line and the final solvent level.
�   Results
Figure 2 displays the experimental setup. Figure 3 reveals 

that the gradient of the calibration curve was 1140±90. The 
plotted data and its line of best fit had a correlation coefficient 
of 0.973, suggesting a strong positive linear fit. The spectro-
photometer was calibrated to measure an absorbance of 0 μM 
for a solution of iron(II) chloride with no salicylic acid present. 
The line of best fit must pass through the origin because the 
absorbance is directly proportional to the concentration (Ta-
bles 1 and 2; Figures 2, 3,4).

Figure 3: UV–Vis spectra were recorded to construct the calibration curve 
for salicylic acid solutions.

Figure 4: Calibration curve plotting the average absorbance of three runs 
with respect to the concentration of salicylic acid. 

Table 1: Absorbance data was recorded to construct the calibration curve for 
aspirin solutions. 

Table 2: Spectrophotometric data for the samples of synthetic aspirin. 

Table 3: TLC data for the products of aspirin syntheses performed at 
various temperatures. 
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�   Discussion

Figure 5 reveals that the temperature of the reaction mixture 
had a strong, positive, and linear correlation with respect to 
both purity and yield. The yield and purity of the aspirin de-
pended on the rate of the reaction. The three factors affecting 
the rate of reaction in this exploration were the temperature, 
the concentration of the reactants, and the concentration of 
the catalyst. To understand these processed data, it was neces-
sary to examine the roles of all three factors.

The relationship between the temperature and both the 
yield and purity can be explained by considering the Maxwell–
Boltzmann curve and collision theory, as displayed in Figure 
6. The two curves represent the distributions of the speeds of 
molecules in a sample at two different temperatures, T1 and T2, 
where EA signifies the activation energy (the minimum ener-
gy required to have successful collisions). The curve T2 has a 
greater number of molecules with sufficient energy to undergo 
successful collisions per unit time, as indicated by the larger 
area under the curve. In other words, reactants in a solution 
of higher temperature will undergo collisions at a greater fre-
quency.

By considering the enthalpies of formation, we can deter-
mine whether a reaction is endothermic or exothermic.⁹

Table 4: Procedures used to calculate the yields and purities of the synthetic 
aspirin samples. 

Table 5: Purities and yields of aspirin samples synthesized at various 
temperatures. 

Figure 5: Percentage purity and yield of the aspirin produced, plotted with 
respect to the reaction temperature.

Figure 6: Maxwell–Boltzmann curve (temperature).8
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Using the values above, the reaction enthalpies for reaction 
1 and reaction 2 are -32.4 kJ mol-¹ and 25.8 kJ mol-¹. Reac-
tion 1 is exothermic, and the forward reaction of reaction 2 is 
endothermic. Reaction 1 is exothermic; therefore, more energy 
is released in the form of heat as Reaction 1 continues. This 
release will heat the mixture to a greater degree. The forward 
reaction for the equilibrium reaction is endothermic. Using Le 
Chatelier’s principle, an increase in temperature should shift 
the equilibrium in Reaction 2 to the right, producing more as-
pirin.¹⁰,¹¹

As Reaction 1 occurs, the concentrations of acetic anhydride 
and salicylic acid decrease, while the concentration of acetic 
acid increases. Upon increasing the concentration of the reac-
tant acetic anhydride, in the equilibrium reaction, the rate of 
the forward reaction would increase because of the frequency 
of collisions. Because the amount of product from the equilib-
rium reaction (water) was extremely low (in addition to using 
95% phosphoric acid as the catalyst), the backward reaction 
was extremely slow.

Catalysis is the final factor to consider as affecting the reac-
tion rate. Both reactions were catalyzed by H+ ions. Because 
H+ ions take part in the rate-determining step, the reaction was 
on the first order with respect to the acid catalyst.¹² Therefore, 
as more acetic anhydride was consumed to produce acetic acid 
and aspirin, the rates of both reactions increased because the 
concentration of H+ ions had increased. A catalyst allows a re-
action to follow an alternative pathway with a lower activation 
energy, as shown in Figure 7. Therefore, a greater number of 
successful collisions would occur because more particles would 
have energy greater than the new, lower activation energy. As 
a result, considering all of these concepts, increasing the tem-
perature would cause the reaction to reach closer to completion 
with less salicylic acid left unreacted, leading to a higher per-
centage yield and purity, respectively.

Limitations:
When using the water bath to control the temperature of the 

reaction, the temperature might not have remained constant 
throughout the whole 20 min of the experiment. Minor fluc-

tuations in temperature might have been a source of error. The 
aspirin samples could not be left out for long periods of time 
because they would hydrolyze naturally in response to moisture 
in the air. Similarly, the acetic acid could react with moisture in 
the air, potentially making it less pure as the study progressed.

Because of time constraints, only three replicates were per-
formed. A greater number of replicates would have increased 
the reliability of the data produced. Furthermore, acetic an-
hydride is very reactive, and its concentration might have 
decreased during this study due to contact with moisture in the 
air. When drying the aspirin samples, a Büchner filter was used 
instead of an oven because the heat would have increased the 
rate of hydrolysis. Nevertheless, because of Singapore’s hot and 
humid climate, some of the aspirin would have been hydro-
lyzed in the Büchner filter, leading to some systematic errors.

TLC helped increase the reliability of the data and the 
method of calculating the yield and purity because it revealed 
that there were no UV-active impurities present, other than 
salicylic acid, in the aspirin samples. Nevertheless, it is possible 
that some UV-inactive impurities were present, but they were 
not fluorescent under short-wavelength UV light and, there-
fore, were not detectable.

Extension:
Heterogeneous solid acid catalysts can be sustainable alter-

natives to liquid acid catalysts in industrial processes. Solid 
catalysts are easier to remove, resulting in less wasted resources. 
Nevertheless, diffusion is limited for a liquid solvent reaction 
when a porous acid solvent is used. Additional studies could 
be performed using solid acid catalysts to determine whether 
more efficient catalysts might be available for the acetylation 
of salicylic acid. 
�   Conclusion
A higher temperature resulted in aspirin being obtained in 

greater yield and purity. A linear relationship existed between 
both the yield and purity of the aspirin synthesized when vary-
ing the reaction temperature between 50 °Cand 80 °C.
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