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ABSTRACT 

This study investigates the performance of the passive reduction of ozone and secondary pollutants due to squalene oxidation in a Texian primary 

school.  The pollutant levels are compared using a mass balance model in the classroom when different type of gypsum board is used as a passive 

pollutant removal system. The effects of different parameters-such as air exchange rate, percentage of skin flake coverage on the floor and student 

numbers-are also assessed. The results show that reactive gypsum boards offer an energy-saving opportunity to remove indoor pollutants. Gypsum 

boards can reduce pollutants at a level equivalent to that offered by an increase in ventilation rate.  The use of wall paper-faced gypsum board leads 

to a 15.1% and 19.1% decrease in ozone and its byproducts, respectively. 

INTRODUCTION 

  Primary students aged 7-14 spend the second longest indoor period each day at school, which provides the potential 

for elevated exposures to indoor air pollutants (Sofuoglu et al. 2011).  The human skin, the largest organ of the body, 

appears to emanate hundreds of different kinds of organic substances (Bernier et al. 1999). Among these huge substances, 

squalene is a major component of skin oil. Although skin oil (squalene) is not reported to have adverse health effects, it can 

be easily oxidized by indoor ozone yielding potentially toxic secondary products, such as acetone, 6-MHO and 4-OPA 

(Weschler et al., 2007; Wisthaler and Weschler 2009). Mechanical ventilation dilutes indoor pollutants but has a substantial 

energy penalty. The annual energy budget of all K-12 schools is estimated to be approximately $8 billion nationwide (EPA, 

2008). Many school districts are seeking energy-saving measures to decrease energy bills without deteriorating indoor air 

quality. Kunkel et.al. (2001) proposed the use of reactive building materials to remove pollutants with minimal energy 

penalty. In this paper, we evaluate the performance of painted gypsum boards (urethane modified alkyd binding 

agent)(PGB), unpainted gypsum boards (UPGB) and wall paper-faced gypsum boards (WPGM) in reducing secondary 

pollutants due to skin oil oxidation. A well-mixed mass balance model is used to estimate the steady concentration of ozone 

and its progeny-acetone, 6-MHO and 4-OPA-in a primary classroom in Texas. The effects of ventilation rates (Air 

Exchange Rate (ACH)), floor-cleaning activities (Percentage of Skin Flake Coverage (PSFC) on the floor) and student 

numbers are also investigated in this work. 

MODEL DESCRIPTION AND METHODOLOGY: 



A typical primary classroom located in the Rio Grande Valley of Texas, along the Texas-Mexico border was selected 

in this study. Under a normal condition, the classroom had 22 primary students and one adult teacher. The ventilation rate 

of the classroom roughly ranged roughly from 1hr-1 to 1.8hr-1, and the dimensions of the classroom were 6m×9m×3m. 

More detailed information can be found in the literature (Corsi et al., 2002). 

 

 

 

Figure 1. Schematic of ozone and byproduct fates in the primary school class 

Figure 1 represents the schematic of skin oil oxidation and secondary pollutant generation in the primary school 

classroom. The governing equations of the concentrations of ozone and byproducts are shown as follows: 
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where 
    

  
 is the change rate of byproduct concentration in the classroom (ppb hr-1),  Q and V are air flow rate and 

indoor volume (m3 hr-1, m3), respectively. TSP is indoor total particle concentration (μg m-3), and Co3 is the ozone 

concentration (ppb).  For a given compound, the thermodynamic particle-gas partition coefficient is defined as (Weschler, 

2003) 
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 where F is equilibrium particle phase concentration(ng m-3), while Cg is gas phase concentration (ng m-3). The value of 

Kp can be estimated through a linear logarithm relationship with saturation vapor pressure (Liang et. al., 1997). In Eq.(1), (i) 

and (j) represent different interior surfaces and byproducts, respectively. Y(j) is the molar yield of a byproduct, (j). A(i) is 

surface area. The adsorption rate and desorption rate coefficient of a byproduct are represented by ka(j) and kd(j), (m hr-1 and 

hr-1 ), respectively. vd(i) is the deposition velocity of ozone on (i) surface. The deposition velocity on the floor can be 

calculated from Eq. 3. 
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      and        are the reaction probabilities of ozone on skin flakes and the floor, respectivley. <v> is ozone's 

Boltzmann velocity; f  is the percentage of skin flake coverage on the floor; and vt  is transport-limited deposition velocity 

(m h-1). The value can be estimated in terms of the experimental result in an office, 3mh-1 (Morrison et al., 2006). 

  The third term on the right of Eq.(1) represents the mass of secondary pollutants produced by squalene oxidation, 

and the fourth shows the adsorption and desorption of byproducts on the interior surfaces. The two terms can be 

expanded as Eq.(4) and (5).  

                                   
                                                (4) 

The study assumed that the secondary pollutants due to oxidation of squalene were only yielded from skin flakes on 

the floor, face skins and clothes. The part of the floor without skin flake covered was assumed inert for byproduct 

generation. 
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In Eq.(5), M represents the mass of secondary pollutants adsorbed on surfaces. The furniture surfaces were also 

assumed to be inert. Eq.(6)-(8) show mass changes on each interior wall. 
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The concentration change rate of indoor ozone can be represented using Eq.(9). 
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The third term on the right of Eq.(9) shows the ozone deposition on different indoor surfaces; Eq.10 is the expansion 

of this term.   

                           
                                                                    

                  (10)   

The related parameters are summarized in Table 1. 

 

 



Table 1. Summary of various parameters used for calculation 

 

            Parameter       Actone 6-MHO 4-OPA Reference 

Adsorption (mhr-1) and 
desorption (hr-1) rate 

coefficients 

ka  (PVC floor) 0.038 0.3 0.24 

 
 
 
 
 

Calculated from (Won et 
al., 2001) 

kd  1.22 0.083 0.12 

ka (PGB) 0.034 0.25 0.19 

kd 0.79 0.18 0.22 

ka(UPGB) 0.066 0.66 0.5 

kd 0.58 0.18 0.21 

ka(WPGB) 0.011 0.96 0.56 

kd 0.2 0.26 0.25 

ka (Ceiling 
(Polystyrene tile) ) 

0.000
43 

1.79 0.64 

kd 
0.009

6 
2.59 1.3 

Byproducts molar yield Y(i) 0.11 0.03 0.03 (Weschler et al., 2007) 

         

Reaction 
probability 

Clothes 0.5~4.5×10-4 (Nicolaides, 1977) 

Skin flakes 3~4.5×10-4 (Weschler et al., 2011) 

Human face  3~4.5×10-4 (Weschler et al., 2011) 

 
PVC flooring 1.2×10-6 (Cohen et al., 1968) 

         

Ozone deposition 
velocity(mhr-1) 

Clothesa 9.5 
(Pandrangi and Morrison, 

2008) 

Human facesa 12 
(Pandrangi and Morrison, 

2008) 

Carpet1 with cushion 1.4 (Nicolas et al., 2007) 

Whole floorb 
Depend on skin flake 

coverage 
Calculated from Eq.3 

PGB 1.08 (Klenø et. al., 2001) 

UPGB 2.48 
(Nicolas et. al., 2007; 
Kunkel et al., 2010) 

WPGB 2.92 (Nicolas et. al., 2007) 

Ceiling (Polystyrene tile) 0.288 (Klenø et. Al., 2001) 

         
Transport-limited 
deposition velocity 

(mhr-1) 
Floor 3 (Morrison, 2006) 

         

Phase partition 
coefficient (Kp) 

(m3/μg) 

Actone 4.7×10-10 
calculated from (Liang et 

al., 1997) 
6-MHO 7.3×10-8 

4-OPA 3.9×10-8 

Note:  a The areas of clothes and human face for each person were estimated to be 1.5m2 and 0.05m2, respectively, 

based on estimates provided  in literature (Wisthaler and Weschler, 2009). 



b The ozone deposition on the skin flakes located on the floor was calculated assuming that the reaction probability is 

equal to that of human skin,  since the squalene covers nearly 84% of the skin “dust” (Weschler et al., 2011). 

The passive reduction of indoor pollutants using three reactive gypsum boards was estimated in terms of the standard 

operation condition of the classroom summarized in Table 2.  

 

Table 2.  Summary  building operation parameters 

 

Parameters Typical value 

ACH (hr-1) 1.5 

Outdoor ozone concentration (ppb) 30 

Number of students (#) 22 

PSFC 0.4 

RESULTS AND DISCUSSION 

At the steady-state condition, various building materials tend to reduce indoor pollutants at different levels. Figure 2 

presents the concentrations of ozone and secondary pollutants at the standard operation condition by using three types of 

gypsum boards. WPGB shows the highest removal performance, leading to the minimum pollutant concentrations. When 

using WPGB, the indoor concentrations of ozone and byproducts will be decreased by 15.1%, 19.9% respectively over that 

observed when using PGB. This suggests that reactive building materials provide an alternative approach for pollutant 

reduction in primary classrooms.  At this standard condition, the average contributions of ozone consumption over using 

three gypsum boards made by students, ventilation, gypsum board walls, floor and ceiling are 35.3%, 26.3%, 20.4%, 16.3% 

and 1.68%, respectively. The reactive gypsum boards present an equivalent impact as ventilation on ozone removal. 

 

Figure 2 Concentration of ozone and secondary pollutants at the standard operation condition 

Figures 3, 4 and 5 show influences of 1) ACH, 2) PSFC loading on floor and 3) the number of students in the 

classroom on the levels of indoor ozone and secondary pollutants, respectively. Previous study showed that the air 

exchange rate in the classroom is between 0.1 and 9.8 hr-1, with a geometric mean of 2.6hr-1 (Smedje and Norback, 2001). 

At 2.6hr-1, the indoor ozone concentration is half that of the outdoor level, 15ppm. Acetone appears at a higher level 



(nearly 1ppb) than the two other byproducts due to a higher molar yield, while 6-MHO evolves in a manner similar to 4-

OPA (0.2-0.3ppb) because of similar characteristics, such as molar yield and adsorption coefficient rate.  WPGB is inclined 

to reduce the secondary pollutant levels most when a decreased ACH is present, and therefore energy cost. When 

employing WPGB, for example, actone concentration is approximately 1ppb at the ACH of 1 hr-1; the ACH is required to 

be nearly 2 hr-1 for PGB to achieve the same level of actone concentration (1ppb).  

 

Figure 3 Concentration of ozone and secondary pollutants at different ACHs 

 Figure 4 demonstrates how PSFC on the floor affects pollutant concentrations. For a primary school classroom, 

PSFC can be higher than a typical office due to a high density of people with more energetic tendencies. However, the 

value also greatly depends on the frequency of cleaning activities in the classroom. From the study of 181 classrooms, 72 of 

them cleaned the floors every weekday and 28 every second weekday (Smedje and Norback, 2001). This indicates that 

shedded skin flaks have a long enough residence time to have contact with ozone. Figure 4 shows that a higher PSFC leads 

to an increase of byproduct concentrations but decreases slightly their ancestry (ozone). The concentration of 6-MHO, for 

example, is increased by 28% when PSFC is increased from 10% to 80%.  

 

Figure 4 Concentration of ozone and secondary pollutants with different PSFCs 



 Students offer an additional sink for indoor zone, but under the penalty of generating secondary pollutants. In 

Figure 5, the concentration of ozone decreases by nearly 20% when the number of students rises from 10 to 20, while the 

byproduct concentrations increase by 40%.  

 

Figure 5  Concentration of ozone and secondary pollutants with different student numbers 

CONCLUSION 

This study investigated the passive reduction of ozone and secondary pollutants due to squalene oxidation by using 

three types of reactive gypsum boards in a primary classroom. The effects of different parameters-such as ACH, PSFC on 

the floor and the number of students-were evaluated concerning indoor pollutant concentrations. Three major conclusions 

can be made from this study: 1) WPGB presents the maximum potential of the removal of ozone and secondary pollutants. 

Under the standard operation condition, WPGB reduces the concentration of ozone and byproducts by 15.1% and 19.9% 

respectively compared with the use of PGB. 2) The gypsum boards in this study can remove indoor ozone at a level 

equivalent to that resulting from an increase in the ventilation rate. 3) The PSFC and student occupancy levels show greater 

influence on byproducts than ozone. The study concludes that passive reduction suing WPGB can be an energy-saving 

strategy for reducing ozone and secondary pollutants due to skin oil oxidation in primary schools. 

NOMENCLATURE 

Ci =  Concentration 

Q =  Airflow rate 

TSP =  Total particle concentration 

Kp   =    Thermodynamic particle-gas partition coefficient 

F =  Equilibrium particle phase concentration 

vd  = Deposition velocity 

vt  = Transport-limited deposition velocity 

γ = Reaction probability 

<v>= Boltzmann velocity 

Aj = Area 

Mj = Mass 



V = Classroom volume 

ka   =    Adsorption rate coefficient 

kd   =    Desorption rate coefficient 

Y    =    Molar yield 

f      =    PSFC    

Subscripts 

i =  surface 

j =  pollutant 

p = material 
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