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Abstract

Formaldehyde in High School Classrooms

Michael Owen Wade, M.S.E.

The University of Texas at Austin, 2017

Supervisors: Richard L. Corsi and Atila Novoselac

Schools have a unique place in the fabric of America. Yet there is growing
evidence that poor indoor air quality (IAQ) leads to increases in student illnesses and
absenteeism, decreases in academic performance, and increased upper-respiratory
problems in teachers. Past studies of IAQ in schools have been deficient in many ways.
Only four of 735 published papers have involved actual measurements in high schools in
North America. There has been little progress in determining the actual agents
responsible for adverse effects when ventilation is inadequate. Few studies have focused
on irritating oxygenated VOCs (OVOCs) and their sources. The objectives of this thesis
were to better understand the levels and temporal variation of one OVOC, formaldehyde
(HCHO), in 46 high school classrooms in Central Texas, to explore differences in HCHO
concentrations between portable and traditional classrooms, and to compare differences
between two HCHO measurement methods. Results indicate that HCHO concentrations
in high school classrooms are in the range of those found in past school studies. There
were statistically no differences in HCHO concentrations between portable and
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traditional classrooms. Formaldehyde concentrations at night exceeded those during the
occupied day as a result of mechanical systems being switched off at night to conserve
energy. Finally, when HCHO concentrations were above 10 ppb, a continuous
colorimetric HCHO analyzer compared favorably with a more standard DNPH-based
passive sampler. This finding is important in that the continuous analyzer can provide
valuable information regarding temporal variations in HCHO, which may lend
knowledge regarding the role of building-related factors on HCHO concentrations and

control.
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INTRODUCTION

School buildings are integral to the American education system. Every school
day one in five Americans spends time in a school building [1]. This includes 55 million
children and three million teachers and staff spread across 130,000 K-12 schools [1]. Yet
inadequate maintenance and operation budgets at many schools lead to environmental
and health challenges [2]. Connections between poor indoor air quality in schools and
student illnesses, as well as decreases in academic performance, are mounting [3—6].

One important and ubiquitous indoor air pollutant is formaldehyde (HCHO). The
sources of this pollutant in classrooms include pressed wood products used for cabinetry,
furniture, and in wall cavities, whiteboard markers, paints, and reactions involving ozone
and unsaturated organic compounds [7-9]. Formaldehyde concentrations vary spatially
and over time depending on variations in air exchange rate, temperature, relative
humidity, and source age [7,9].

There are multiple health concerns associated with exposure to formaldehyde in
air. The acute effects are sensory irritation (eyes and upper airways), respiratory
challenge (asthma and allergy), and eczema [10,11]. Formaldehyde odors can also
deteriorate perceived indoor air quality; however the odor threshold has a wide and
individual-specific range, i.e., 50 to 500 parts per billion (ppb) [9,10]. Formaldehyde is
classified as a possible human carcinogen by the EPA and is listed as carcinogenic to
humans by the International Agency for Research on Cancer (IARC), with the potential
to induce tumors in the nasal region [11-15].

There have been several studies of student exposure to formaldehyde in the
United States and Europe [16-19]. These studies have included measurements of the
spatial variability and concentrations of formaldehyde in permanent and portable

classrooms [19-21].



In this paper, results of a field study focusing on formaldehyde concentrations in
portable and permanent high school classrooms over multi-day periods are presented. An
important objective of the study was to better understand how formaldehyde
concentrations in classrooms changes over occupied and diurnal periods. To that end, we
employ a new and low-cost semi-continuous formaldehyde analyzer and compare results
against passive (integrated) formaldehyde samplers.

The methods and results described in this paper are associated with one part of a
larger study of indoor environmental quality in high schools entitled The Healthy High
School PRIDE (Partnership in Research on InDoor Environments) study. That study
involves seven high schools in Central Texas. The schools were selected for an intensive
analysis of formaldehyde and a wide range of other indoor environmental quality

parameters.



METHODOLOGY

Field sampling was completed in seven schools over two years, in four sequential
phases (I-IV); phases I and II were completed from September through November and
phases III and IV were completed from February through April. Four-day sampling
events were completed in up to 30 classrooms during each phase. A total of 46 different
classrooms, including eight portable classrooms across four schools, were sampled over
the two-year period. The sampled classrooms were selected based on availability, teacher
participation, and input from facilities personnel in conjunction with the researchers’
requests. There were several types of heating, ventilating and cooling (HVAC) systems
in the schools, including single zone on/off, multi-zone VAV (with and without reheat),

chilled water penthouse, and wall air conditioning (AC) (for all portable classrooms).

Formaldehyde samples were collected using two methods, a four-day integrated
passive sampler and a 30-minute average semi-continuous formaldehyde analyzer. At the
request of teachers, HCHO samplers were typically placed on the edges of classrooms,
1.e., as opposed to the middle of the classroom. A summary of the sampling matrix is

presented in Table 1.

Table 1. Sampling Matrix

Sampling ~ No. School No. Classrooms No. Sampling Sampling
Event including. Portable DNPH FMM
portables
Phase | 7 29 7 29 12
Phase 11 7 30 7 30 8
Phase 111 5 30 6 30
Phase IV 5 30 6 30 15




Sampling Methodology

A summary of the sampling methodology is provided in Table 2. Four-day
integrated samples were collected using passive samplers, containing tape coated with
2,4-dinitrophenylhydrazine (DNPH) (SKC UMEx 100 sampler). During each sampling
event a sampler was removed from its aluminized envelope, opened, and placed on a
sample stand located in each classroom. After four days the sampler was retrieved from
the sample stand and closed. The sampler was placed in its aluminized envelope, the
envelope sealed, and placed in cold storage (temperature < 4°C) until analysis. Samples
were extracted and analyzed using high performance liquid chromatography with UV-
detection (HPLC-UV). The analytical method was developed using the guidance
presented in OSHA Method 1007 [22]. A duplicate sample was collected for 1/3 of the
samples, and a laboratory and field blank for every 15 samples. The passive samplers
where used to sample a total of 46 different classrooms across all four phases. A total of
159 passive field samples (40 of 159 samples were duplicates), 11 field blanks, and 11

laboratory blanks were collected and analyzed.

Table 2. Instrumentation

Measurement Time Instrument Detection Uncertainty Detection  Resolution
Resolution Principal Limit
Formaldehyde Integrated DNPH HPLC +/-30% 200 ng
4 day
Continuous FMM uv +/- 10% 20 ppb* 1 ppb
30 min absorption at 40, 80, 160
ppb

# Readings below 20 ppb were provided by the manufacturer. Uncertainty below 20 ppb
assumed to be +/- 4ppb.



A Formaldehyde Multimode Monitor (FMM) (Shinyei Technology Co., LTD)
was used to measure 30-minute average concentrations of formaldehyde continuously
over the four-day sampling period in approximately 1/3 of the classrooms in the Healthy
High School PRIDE study. The FMM operates via a colorimetric reaction between
formaldehyde and B-diketone on a porous glass. The FMM measures the colorimetric
change using a 415 nanometer (nm) light-emitting diode (LED). The FMM was used for
37 sampling events in 23 different classrooms.

The manufacturer-specified detection range for the FMM is 20 to 1000 ppb.
However, due to special software provided by the manufacturer, the reported lower
detection range for our devices was 11 ppb. When concentrations were below 11 ppb, 5
ppb was assumed as the concentration, unless otherwise specified. The FMM uncertainty
is specified by the manufacturer (Shinyei Technology Company, LTD) as +/- 10 percent
(%) above 40 ppb, and by one distributor (GrayWolf Sensing Solution, LLC) as +/-4 ppb
below 40 ppb[23]. Temperature and relative humidity were measured by the FMM. The
temperature detection range was 0 to 60 °C (+/- 1.5 °C) and the relative humidity

detection range was 10 to 90% RH (+/- 3.0% RH).

Data Analysis

To analyze differences in formaldehyde concentrations between phases I-1V, the
Dunnett Test was used to compare the mean formaldehyde concentration for one
sampling phase to the other sampling phases. Differences between the mean for portable
and permanent classrooms during each phase were tested using the Wilcoxon Rank Sum
test and the t-test. Occupied and unoccupied classroom formaldehyde concentrations

were compared using the t-test. All tests were performed to a 95% confidence level.



RESULTS & DISCUSSION

The passive samplers were analyzed to compare sampling phases (I-1V) (Figurel). The
mean formaldehyde concentrations in classrooms for phases I-III were not statistically
different from each other, while the mean concentration for phase IV was lower than the
other three phases. This was likely due, at least in part, to the building managers of five
high schools having increased fresh air ventilation rates between phase III and IV. In
addition, a total of 16 classrooms that had not been previously included in the study were
monitored during phases III and IV, and these may have simply had lower formaldehyde
concentrations than previous classrooms in the study.

The sampling phases were analyzed for differences in mean formaldehyde
concentrations between permanent and portable classrooms (Figure 2). A Wilcoxon Rank
Sum test for independent samples was conducted for each visit to assess the difference
between the mean formaldehyde concentrations for permanent and portable classrooms.
The mean formaldehyde concentrations between portable and permanent classrooms
were statistically different in phase II, during which the mean formaldehyde
concentration in permanent classrooms was higher (p=0.005) than those for portable
classrooms. There was not a statistically significant difference in mean formaldehyde
concentrations in the two types of classrooms for other phases.

The formaldehyde concentrations determined based on passive samplers (mean =
23 +/- 8.45 ppb [standard deviation], range = 5-47 ppb) across all sampling events in this
study are in the range of those cited by others for classroom environments [16, 19, 24—
27].

For this study, 100% of the 4-day average formaldehyde concentrations based on
passive samplers were below the World Health Organization (WHO) guidance of 80 ppb

[10], 40% of the classrooms were below the National Institute for Occupational Safety
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and Health (NIOSH) recommended exposure limits (REL) of 16 ppb [13], while less than

8% of the classrooms were at or below the California EPA limit of 9 ppb [28].
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Figure 1. Quartile analysis of formaldehyde concentrations by phase of study.

The boxplot depicts maximum (upper whisker), third quartile, median (line), mean
(cross), first quartile, and minimum (lower whisker) formaldehyde concentrations for
each sampling phase.
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Figure 2. Boxplot Quartile Analysis of Permanent vs. Portable Classrooms

The boxplot depicts maximum (upper whisker), third quartile, median (line), mean
(cross), first quartile, and minimum (lower whisker) formaldehyde concentrations for
each sampling session and classroom type. The portable classroom data are shaded. The
total number of permanent and portable classrooms sampled were 22 and 7 (Phase I), 23
and 7 (Phase II), 24 and 6 (Phase III), and 24 and 6 (Phase IV).

Temporal variation of formaldehyde Concentration

The FMM allowed an evaluation of time-variant formaldehyde concentrations at
thirty-minute intervals. A typical pattern observed in classrooms indicates an increase in
formaldehyde concentration overnight when the HVAC system is switched off, followed

by a sharp decrease during the morning when the system is switched back on (Figure 3).
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Figure 3. Example Time Series for Formaldehyde Concentration in a Classroom.

The highlighted grey area denotes the occupied day when the HVAC system is on.

Comparison of Sampling Methodologies

A comparison of four-day time-integrated formaldehyde concentrations for co-
located passive samplers and FMMs is presented in Figure 4. A total of 30% of the four
day average FMM values were below 10 ppb and are omitted from the comparison. The
linear R? value for the relationship is 0.6, and the average absolute percent difference is
26% with a standard deviation of +/- 22%. While the comparison of passive sampler and
time-integrated FMM results is not perfect, there is clearly a positive relationship that
suggests that the FMM can be used to reasonably estimate time-variant formaldehyde

concentrations.
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Figure 4. Parity plot of FMM vs. Passive sampler

The y axis represents the formaldehyde concentration as measured using passive
samplers. The x axis represents the average formaldehyde concentration as measure using
an FMM.

Analysis of Four-Day Average versus Occupied Day Average Concentrations

The passive samplers were averaged over a two-year period to obtain an average
concentration for each of the 46 classrooms in which they were placed. The FMM were
collocated with passive samplers in 24 of the classrooms. The classrooms were sampled
at least once and at most four times. When only one sample event was available for a
classroom, that point was used. These averages were then plotted against the FMM
averages taken during the occupied day for the same classrooms, typically 9 a.m. to 4

p.m. on Tuesday through Friday (Figure 5).
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The range of formaldehyde concentrations in classrooms with paired sample data
was 6 to 38 ppb. Formaldehyde concentrations in portable classrooms were distributed
throughout the data set and ranged from 15 to 31 ppb. Occupied day formaldehyde
concentrations were typically below those based on passive sampler measurements in the
same classroom. The four-day mean formaldehyde concentration based on passive
samplers (all hours) and FMM (occupied day only) were 22.2 (standard deviation +/- 7.0)
and 12.7 (standard deviation +/-5.5), respectively. The occupied day mean was
significantly lower than the four day mean based on the passive sampler (p=0.00002). To
control for FMM values below 10 ppb, a t-test was performed on the 15 FMM rooms
with less than 10% of values below 10 ppb (p=0.001).
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Figure 5. Cumulative distribution 4-Day Averages v. Occupied Day Averages

Open rectangles are formaldehyde concentrations based on the FMM for the occupied
day only. Error bars on the FMM data represent how the formaldehyde concentration
would change if readings below 11ppb were treated as 10 ppb (upper whisker) or 0 ppb
(lower whisker), i.e., instead of Sppb. Points with larger error bars had a larger
percentage of data below 11 ppb. Samples collected in portable classrooms are circled.
FMM data points for a particular classroom are vertically aligned with its passive sample
counterpart.
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CONCLUSIONS

A two-year study of formaldehyde concentrations in portable and permanent
(traditional) classrooms within seven high schools was completed in Central Texas. The
formaldehyde concentrations observed in these schools were consistent with those found
in other studies, with generally reported mean formaldehyde concentrations below 50 ppb
[16, 19 ,24-27]. In this study, no difference in formaldehyde concentrations was found
between permanent (mean 23 ppb +/-8 ppb, range 8-45 ppb) and portables (mean 22 ppb
+/-8 ppb, range 9-38 ppb) classrooms. However relative concentrations of formaldehyde
were observed to vary based on building operations and time of the year.

Higher formaldehyde concentrations were found at night when ventilation
systems were off, a finding consistent those reported by others [24,25]. As a result,
occupied day concentrations were generally below unoccupied day concentrations.
Importantly, for such scenarios assessments based on 24-hour or multi-day passive
sampling may significantly overestimate student exposures to formaldehyde.

When concentrations were above 10 ppb the FMM and passive samplers were
typically within the error of the two methods. The FMM was useful in providing time
resolved formaldehyde concentrations to understand how building operation and

environmental conditions might affect room concentrations.

13



[1]
[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

References

U.S.D. of Education, Digest ofEducation Statistics 2008, 2009.
https://nces.ed.gov/pubs2009/2009020 0.pdf.

M.J. Mendell, G.A. Heath, Do indoor pollutants and thermal conditions in schools
influence student performance? A critical review of the literature, Indoor Air. 15
(2005) 27-52. d0i:10.1111/5.1600-0668.2004.00320.x.

S. Everett Jones, A.M. Smith, L.S. Wheeler, T. McManus, School Policies and
Practices That Improve Indoor Air Quality, J. Sch. Health. 80 (2010) 280-286.
doi:10.1111/5.1746-1561.2010.00502.x.

S. Everett Jones, R. Axelrad, W.A. Wattigeny, Healthy and Safe School
Environment,Part II , Physical School Environment : Results From the School
Health Policies and Programs Study 2006, J. Sch. Health. 77 (2007) 544-556.
S.M. Almeida, N. Canha, A. Silva, M. Do Carmo Freitas, P. Pegas, C. Alves, M.
Evtyugina, C.A. Pio, Children exposure to atmospheric particles in indoor of
Lisbon primary schools, Atmos. Environ. 45 (2011) 7594-7599.
doi:10.1016/j.atmosenv.2010.11.052.

S. Lin, C.L. Kielb, A.L. Reddy, B.R. Chapman, S.-A. Hwang, Comparison of
indoor air quality management strategies between the school and district levels in
New York State., J. Sch. Health. 82 (2012) 139-46. doi:10.1111/j.1746-
1561.2011.00677 .x.

G. de Gennaro, P.R. Dambruoso, A.D. Loiotile, A. Di Gilio, P. Giungato, M.
Tutino, A. Marzocca, A. Mazzone, J. Palmisani, F. Porcelli, Indoor air quality in
schools, Environ. Chem. Lett. (2014). doi:10.1007/s10311-014-0470-6.

A.T. Hodgson, D. Beal, J.E.R. Mcllvaine, Sources of formaldehyde, other
aldehydes and terpenes in a new manufactured house., Indoor Air. 12 (2002) 235—
242. doi:10.1034/1.1600-0668.2002.01129.x.

T. Salthammer, S. Mentese, R. Marutzky, Formaldehyde in the indoor
environment, Chem. Rev. 110 (2010) 2536-2572. doi:10.1021/cr800399¢g.

D. Penney, V. Benignus, S. Kephalopoulos, D. Kotzias, M. Kleinman, Agnes
Verrier, Guidelines for indoor air quality, in: WHO Guidel., 2010: p. 454.
doi:10.1186/2041-1480-2-S2-11.

U.S. Department of Health and Human Services, Toxicological Profile for
Formaldehyde, 1999. doi:http://dx.doi.org/10.1155/2013/286524.

IARC, Monographs on the evaluation of carcinogenic risk to humans:
Formaldehyde, 2-Butoxyethanol and 1-tert-Butoxypropan-2-ol, 2006.
doi:10.1002/food.19940380335.

NIOSH, FORMALDEHYDE-International Chemical Safety Cards (ICSC), (2001).
https://www.cdc.gov/niosh/ipcsneng/neng0275.html (accessed April 1, 2017).
OEHHA, AirToxics Hot Spots Risk Assessment Guidelines Technical Support
Document: Risk Assessment Guidelines For the Derivation of Noncancer
Reference Exposure Levels Air Toxicology and Epidemiology Branch, 2008.
https://oehha.ca.gov/media/downloads/crnr/tsdbundle071808.pdf.

14



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

USEPA, Formaldehyde ; CASRN 50-00-0, (1989) 1-16.
https://cfpub.epa.gov/ncea/iris2/chemicalLanding.cfm?substance nmbr=419
(accessed January 1, 2017).

D.G. Shendell, A.M. Winer, T.H. Stock, L. Zhang, J.J. Zhang, S. Maberti, S.D.
Colome, Air concentrations of VOCs in portable and traditional classrooms:
results of a pilot study in Los Angeles County., J. Expo. Anal. Environ. Epidemiol.
14 (2004) 44-59. doi:10.1038/sj.jea.7500297.

A.T. Hodgson, D.G. Shendell, W.J. Fisk, M.G. Apte, Comparison of predicted and
derived measures of volatile organic compounds inside four new relocatable
classrooms., Indoor Air. 14 Suppl 8 (2004) 135-44. doi:10.1111/1.1600-
0668.2004.00315 x.

D. Norbéck, R. Walinder, G. Wieslander, G. Smedje, C. Erwall, P. Venge, Indoor
air pollutants in schools: nasal patency and biomarkers in nasal lavage., Allergy.
55 (2000) 163—-170. doi:10.1034/j.1398-9995.2000.00353.x.

CARB, ENVIRONMENTAL HEALTH CONDITIONS IN CALIFORNIA’S
PORTABLE CLASSROOMS, 2004.
https://www.arb.ca.gov/research/apr/reports/13006.pdf.

S. Banerjee, I. Annesi-Maesano, Spatial variability of indoor air pollutants in
schools. A multilevel approach, Atmos. Environ. 61 (2012) 558-561.
doi:10.1016/j.atmosenv.2012.08.007.

S.C. Sofuoglu, G. Aslan, F. Inal, A. Sofuoglu, An assessment of indoor air
concentrations and health risks of volatile organic compounds in three primary
schools, Int. J. Hyg. Environ. Health. 214 (2011) 36-46.
doi:10.1016/j.ijheh.2010.08.008.

OSHA, Formaldehyde (diffusive Samplers), 2005.
https://www.osha.gov/dts/sltc/methods/mdt/mdt1007/1007.pdf.

GRAYWOLF® SENSING SOLUTIONS, FM-801 FM-801, 2012.
https://www.wolfsense.com/pdf/GrayWolf-Formaldehyde Monitor brochure-
1011.pdf (accessed February 4, 2017).

L. Zhong, F.-C. Su, S. Batterman, Volatile Organic Compounds (VOCs) in
Conventional and High Performance School Buildings in the U.S., Int. J. Environ.
Res. Public Health. 14 (2017) 100. doi:10.3390/ijerph14010100.

I.R. Lucas, P. Kowalski, D.B. Callahan, G.P. Noonan, D.B. Moffett, D.R. Olson,
Formaldehyde Levels in Traditional and Portable Classrooms: A Pilot
Investigation, J. Environ. Health. 78 (2016) 14.

J.M. Daisey, W.J. Angell, M.G. Apte, Indoor air quality, ventilation and health
symptoms in schools: an analysis of existing information., Indoor Air. 13 (2003)
53—-64. doi:10.1034/5.1600-0668.2003.00153.x.

B.H. Turk, J.T. Brown, K. Geisling-Sobotka, D.A. Froehlich, D.T. Grimsrud, J.
Harrison, J.F. Koonce, R.J. Prill, K.L. Revzan, Indoor Air Quality and Ventilation
Measurments in 38 Pacific Northwest Commerical Buildings, 1987.
https://publications.lbl.gov/islandora/object/ir%3A89218.

OEHHA, Risk Assessment Guidelines Guidance Manual for Preparation of Health

15



Risk Assessments Air Toxics Hot Spots Program, 2015.
http://oehha.ca.gov/air/hot_spots/2015/2015GuidanceManual.pdf.

16



