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Acetaminophen, a common pain reliever, has been detected in  
surface water, wastewater, and drinking water at low concentrations, 
typically at the µg/L level.  Chlorine is used extensively in water  
treatment utilities as a disinfectant.  Chlorine reacts with  
acetaminophen to form byproducts, including the toxic, 1,4- 
benzoquinone (Bedner and Maccrehan, 2006).

The chlorination of acetaminophen can be described by second-order 
kinetics, first order in chlorine, and first order in acetaminophen. The 
degradation rate constant of acetaminophen is highest at pH=9.0 and 
lowest at pH=6.0. The major chlorination byproduct, 1,4- 
benzoquinone, also reacted with chlorine in the solution following  
second-order reaction pattern. The rate constant for 1,4- 
benzoquinone degradation was found to increase with higher pH,  
suggesting that it reacted mainly with hypochlorite. 

For the ozonation process of acetaminophen, second-order reaction 
rate constants were recorded in the literature as 1.41×103 M-1·s-1 for 
protonated form of acetaminophen and 9.91×108 M-1·s-1 for the  
unprotonated form (Andreozzi et al., 2003). Taking into account  
solubility of ozone in water and dissociation of acetaminophen, 
ozonation is still expected to be much more efficient in removing  
acetaminophen than chlorination.

The predicted no effect concentrations (PNEC) for acetaminophen 
was determined at 5,000 µg/L (Schwab et al., 2005), which based on 
measured environmental concentrations (MECs) ranging from 0.026 
µg/L in surface water (Boyd and Furlong, 2002) to 246 µg/L in raw 
wastewater (Gomez et al., 2007) poses no human health risk. For its 
aquatic toxicity, the PNEC of acetaminophen of 9.2 µg/L was  
calculated from toxicity data generated during the study, as well as 
from literature data (Kim et al., 2007), which is still much higher than 
MECs, indicating no significant ecological risk.

1,4-benzoquinone is much more toxic than acetaminophen (Bedner 
and Maccrehan, 2006). However, since 1) concentration of 
acetaminophen in the environment is very low, 2) only part of 
acetaminophen is transformed into 1,4-benzoquinone, and 3) it also 
reacts with chlorine, byproducts like 1,4-benzoquinone is unlikely to 
pose significant risks on humans and the environment. 

Objectives
The main objective of this study was to investigate the oxidation  
kinetics of acetaminophen during chlorination, and to quantify the  
formation and degradation of the toxic byproduct 1,4-benzoquinone.

Other objectives were to compare the efficiency of acetaminophen 
removal by chlorination with that by ozonation disinfection process, 
and to assess related risks on human and environmental health.

Results and Discussion

Each experiment produced an acetaminophen degradation curve and 
a benzoquinone formation/degradation curve.  An example of these 
curves is shown in Figure 1.  Rate constants of acetaminophen  
degradation and 1,4-benzoquinone formation were not equa l 
signifying other intermediate products are formed.  Figure 2 shows 
the effect of pH on acetaminophen degradation at a molar ratio of 
chlorine to pharmaceutical of 106. At pH 6.0, acetaminophen  
degradation was lowest, and at pH 9.0, acetaminophen degradation 
was greatest. 

Since the addition of multiple chlorine atoms to one acetaminophen 
molecule occurs in the chlorination process (Bedner and Maccrehan, 
2006; Glassmeyer and Shoemaker, 2005; Avdeenko and Marchenko, 
2001), the degradation rate of chlorine should be significantly larger 
than that of acetaminophen, which is supported by our experimental 
results. Because there are still not enough studies to completely  
clarify the complicated processes, it is hard to mechanistically quantify 
the degradation rate of chlorine. As a result, we assumed that the 
apparent degradation rate of chlorine is proportional to that of 
acetaminophen Kapp, Acet . So the apparent chlorine degradation rate is 
quantified as Kapp, Acet ×m, and m should be larger than 1 according to 
the reaction mechanism. Since multiple byproducts are produced from 
acetaminophen degradation (Bedner and Maccrehan, 2006; 
Avdeenko and Marchenko, 2001) , the formation rate of 1,4- 
benzoquinone should be smaller than the degradation rate of 
acetaminophen. It is assumed thus that the formation rate of 1,4- 
benzoquinone is proportional to the apparent degradation rate of 
acetaminophen. Accordingly, 1,4-benzoquinone formation rate is  
quantified as Kapp, Acet ×f, and f should be less than 1. The apparent 
degradation rate of 1,4-benzoquinone is modeled as Kapp, Benzo . Figure 3 
illustrates the reaction mechanism proposed. 

The 4 parameters Kapp, Acet , Kapp, Benzo , m, and f were computed through an 
optimization process which found the minimum of the objective function 
σ

 

(see Figure 5) representing the difference between modeled and 
measured concentrations. The optimization process was conducted  
using pattern search method implemented on a personal computer  
using Matlab R2007a.

Table 1.  Occurrence of Acetaminophen in the Environment (µg/L)

Surface Water Raw 
Wastewater

Finished 
Wastewater

Finished 
Drinking Water

0 – 5.6 0 -250 0 - 6 Low µg/L level

Experimental Methods
Chlorine experiments were conducted in 1 L amber-glass bottles at 
room temperature.  Sodium hypochlorite was used as the source of 
free chlorine, and buffered distilled water was used as the water 
matrix.  Based on typical chlorine dosages used in water utilities and 
on the concentrations of acetaminophen occurring in the environment, 
chlorine-to-pharmaceuticals molar ratios of 100, 1,000, and 10,000 
were chosen.  Each molar ratio was tested at pH 6.0, 7.5, and 9.0.   
The degradation of acetaminophen and formation of 1,4- 
benzoquinone were analyzed using high-performance liquid 
chromatography coupled with triple quadrupole mass spectrometry 
(LC/MS/MS).
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Figure 2

Mathematical Modeling Procedure and Results
The proposed chemical reaction processes are mathematically modeled by 
the “coupled” ordinary differential equations (ODE) as in Figure 4.
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Figure 5

Figure 6a and Figure 6b compared the modeled concentrations with 
measured concentrations of chemicals, indicating relatively successful 
modeling results.
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Figure 6a Figure 6a

pH Kapp,Acet 
(M-1*s-1)

Kapp, Benzo 
(M-1*s-1) m f

6 0.04 0.009 91 0.80

7.5 0.52 0.114 84 0.73

9 1.22 0.331 100 0.42

11 0.11 0.851 361 1.00

Table 2.  Primary Modeling Results for Reaction Parameters

From Table 2, it could be seen that the apparent degradation rate constant 
of acetaminophen was minimal at pH 6 and maximal at pH 9, while the 
apparent degradation rate constant of 1,4-benzoquinone decreased with 
increasing pH. m increased with pH, indicating that more free chlorine  
molecules were consumed in the reactions at higher pH. The changing 
trend of f with changing pH values suggests that the efficiency of  
acetaminophen transforming into 1,4-benzoquinone is minimal at pH9 and 
achieves about 100 percent at pH 11.
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Figure 3 (m is the ratio of the degradation rate of chlorine over that of acetaminophen; 
f is the ratio of 1,4-benzoquinone formation rate over acetaminophen degradation rate)

Figure 1
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