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ABSTRACT

The organochlorine insecticide DDT (1,1,1-trichloro-2,2-bis(p-

chlorophenyl)ethane) is still used for malaria vector control in certain areas of South

Africa.  The strict Stockholm Convention on Persistent Organic Pollutants (POPs)

allows spraying on the inside of traditional dwellings with DDT.  In rural villages

contaminated dust presents an additional pathway for exposure to DDT.  We present

a new method for the determination of DDT in indoor air where separate vapour and

particulate samples are collected in a single step with a denuder configuration of a

multi-channel open tubular silicone rubber (polydimethylsiloxane (PDMS)) trap

combined with a micro quartz fibre filter.  The multi-channel PDMS trap section of the

denuder concentrates vapour phase insecticide whereas particle associated

insecticide is transferred downstream where it is collected on a micro-fibre filter

followed by a second multi-channel PDMS trap to capture the blow-off from the filter.

The multi-channel PDMS trap and filter combination are designed to fit a commercial

thermal desorber for direct introduction of samples into a GC-MS.  The technique is
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solvent-free.  Analyte extraction and sample clean-up is not required.  Two fractions,

vapour phase and particulate phase p,p’-DDT, o,p’-DDT; p,p’-DDD, o,p’-DDD; p,p’-

DDE and o,p’-DDE in 4 L contaminated indoor air, were each quantitatively analysed

by GC-MS using isotopically labeled ring substituted 13C12 – p,p’-DDT as an internal

standard.  Limits of detection were 0.07-0.35 ng m-3 for p,p’-DDT, o,p’-DDT, p,p’-

DDD, o,p’-DDD, p,p’-DDE and o,p’-DDE.  Ratios of airborne p,p’-DDD/p,p’-DDT and

of o,p’-DDT/p,p’-DDT are unusual and do not match the ideal certified ingredient

composition required of commercial DDT.  Results suggest that the DDT products

used for indoor residual spraying (IRS) prior to, and during 2007, may have been

compromised with regards to insecticidal efficacy, demonstrating the power of this

new environmental forensics tool.
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1. Introduction

DDT (1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane), an organochlorine

insecticide, is still used for malaria vector control in risk regions in South Africa.  The

strict Stockholm Convention on Persistent Organic Pollutants (POPs) permits Indoor

Residual Spray (IRS) of traditional dwellings with DDT.  IRS with DDT decreased the

number of deaths caused by malaria in South Africa by 65% and decreased the

number of confirmed malaria cases by 83% [1].  At present there are no effective

insecticides that could replace DDT [2].

Semivolatile organic compounds are present in air, either adsorbed onto dust

particles or as free gas phase molecules [3,4].  Exposure may be via inhalation of

gas and particulate phase compounds, or by ingestion.  Once larger sized

contaminated particles are inhaled it deposits in the upper respiratory tract and is

swallowed [5].  In rural villages contaminated dust presents a pathway for exposure

to DDT, especially when the dust is disturbed during domestic activities in and

around traditional dwellings.  Conventional high volume collection systems for POPs

are polyurethane foam (PUF) [5,6] or polymeric resin (XAD-2 or XAD-4) [6,7].  PUF

samples total air, i.e., vapour and particulate phases, and does not distinguish

between contributions from each phase.  In order to sample both phases, glass fibre

or quartz filters are placed upstream of the solid sorbents to first collect particulate

phase pesticides while vapour phase is trapped onto the sorbent [6,8-14].  After

sampling the materials are separately extracted by Soxhlet extraction (16-36 h) with

large amounts of solvents, or by sonication [7,9,15], concentrated by Kuderna

Danish or rotary evaporation, followed by nitrogen gas blow-down [6,8-14].

Microlitre amounts are injected for analysis.  This approach is quite successful but
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involves many preparation steps, large amounts of solvents, loss of analyte,

introduction of interferences and potential errors.  Moreover, sensitivity limitations

are associated with injection of only a fraction of the final 100 µL to 1 mL concentrate

[16].

Particulate phase organic compounds may be underestimated by the above

procedure due to loss of the reversibly adsorbed molecules on the filter – the so

called blow-off effect [8,10,17].  Adsorption of the gas phase fraction onto particles

already collected, or by the filter itself, may also occur [8,11].  Diffusion denuder

samplers were developed to overcome the problems associated with filter+PUF

samplers [11].  By placing a filter after the low-flow denuder sampler to collect the

particles, the collection of gas and particulate phases is reversed from the

conventional high-volume sampler [17].  Due to a difference in vapour and particle

diffusivities, diffusion denuders first separate the vapour phase from the particulate

phase [11].  Traditional diffusion denuders include annular, multi-capillary and

honeycomb designs that are coated with various sorbents including silicone

grease/gum, XAD, Tenax, Florisil [11].  Denuder fabrication procedures are

cumbersome.  Denuder materials are solvent extracted or thermally desorbed [11].

The use of adsorptive sorbents in combination with thermal desorption to analyse

high molecular-weight compounds is problematic due to incomplete desorption [16].

Sample trapping using polydimethylsiloxane (PDMS) performs well in combination

with thermal desorption [16].  In contrast with adsorptive concentration, PDMS

functions as a hydrophobic solvent for the analytes [16, 18].

Multi-channel configuration devices designed for air pollution studies have

been utilised by Lane et al. [19] who coated a collection of glass tubes on the inside

and on the outside with stationary phase, and by Kriegler and Hites [20] who used a
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bundle of fused silica tubes cut from a single DB-1 capillary GC column.  Practical

limitations were complicated instrumental arrangements and high pressure drops

due to the longer length of the traps (25 – 60 cm).  Ortner and Rohwer [21]

constructed shorter length (10.5 – 12.5 cm) thick film silicone rubber (PDMS) traps in

a multi-channel configuration to concentrate semi-volatile organic air pollutants.  The

traps were desorbed in an inlet similar to a programmable temperature vaporisation

(PTV) injector.  Multi-channel PDMS traps and thermal desorption in a commercial

system were successfully used for monitoring of atmospheric polycyclic aromatic

hydrocarbons (PAHs) [18, 22-24].  Advantages of the multi-channel PDMS trap over

commercial packed or coated sorptive devices are its open tubular structure and low

pressure drop associated with laminar multi-channel flow [21, 22, 24].  Compared to

multi-channel traps consisting of a bundle of GC capillary columns which contain

nonsorptive outer coatings, both the inside and the outside of the multi-channel

silicone rubber trap provide sorptive surfaces.

Considerations for transporting of equipment and sampling in rural areas of

South Africa are that electricity is not freely available, travel distances from rural

areas to city laboratories are considerable, road conditions are rough both on and

off- road, and cargo space is often limited.  Simple, small, battery operated, off-line,

field monitoring equipment is therefore preferable to bulky, expensive, conventional

high flow PUF based equipment.  We describe a new solventless method for the

determination of DDT in indoor air:  vapour and particulate phases are collected

separately in a single step, with a low pressure-drop denuder configuration of multi-

channel open tubular PDMS traps combined with a micro quartz fibre filter.  Air is

drawn with a small and simple, off-line, battery-operated field sampler at a low air

flow sampling rate and short collection time.
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2. Materials and methods

2.1. Chemical standards

A certified organochlorine pesticides standard mixture (p,p’-DDT, o,p’-DDT;

p,p’-DDD, o,p’-DDD; p,p’-DDE and o,p’-DDE, purity ≥97%) and a certified inlet

degradation mixture (p,p’-DDT and Endrin, purity ≥98%,) were purchased from

Sigma-Aldrich (Pty) Ltd. Kempton Park, South Africa.  Solvents used were of

analytical grade.  The standard stock solution was diluted in hexane (Merck

Chemicals (Pty) Ltd., South Africa) to give calibration standard solutions ranging

from 0.5 pg µL-1 to 5 ng µL-1.  The inlet degradation solution (p,p’-DDT) was diluted in

hexane to give a concentration of 1 ng µL-1.  An isotope-labeled internal standard,

ring substituted 13C12 – p,p’-DDT (purity 99%), was diluted in hexane to give a

concentration of 1 ng µL-1 (Cambridge Isotope Laboratories, Inc. imported by

Industrial Analytical (Pty) Ltd., South Africa).  Technical DDT powders used in one of

the IRS programmes, were kindly donated by FDA Laboratories, Brooklyn, South

Africa.  The technical DDT powders were each first dissolved in acetone (Merck

Chemicals (Pty) Ltd., South Africa) followed by dilution in hexane to give a

concentration of 13 ng µL-1.  Working standards of the technical DDT solutions were

prepared by dilution in hexane to give a concentration of 1.3 ng µL-1.
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2.2. Denuder sampling device

Multi-channel open tubular PDMS traps containing 0.4±0.02 g silicone were

prepared based on a technique described by Ortner and Rohwer [21].  The PDMS

trap, providing a sample enrichment volume of 600 µL, was designed to fit a

commercial thermal desorber system (TDS) available from Gerstel™.  Twenty two

silicone elastomer medical grade tubes (0.64 mm OD x 0.30 mm ID, SIL-TEC™,

Technical Products, Georgia, United States of America) were arranged, in parallel, in

a 17.8 cm long glass desorption tube (4 mm ID, 6 mm OD)(Fig. 1).  The PDMS trap

inside the desorption tube was 55 mm long (Fig. 1).

Micro quartz fibre filters, 5 mm OD, were punched from Ederol Quartz

Microfibre sheets (0.43 mm thickness, pore size 0.3 µm, grade T293) from Munktell

& Filtrak GmbH Bärenstein, Germany.  Denuder sampling devices were assembled

by placing a micro quartz fibre filter flush between two multi-channel PDMS traps.

The multi-channel PDMS traps and in-line filter were held firmly in place with a

polytetrafluoroethylene (PTFE) sleeve (Fig. 1).  The ends of the glass denuder were

capped with glass stoppers during storage.  The glass stoppers were secured with

tight-fitting PTFE sleeves.  The trapped analytes inside the multi-channel PDMS trap

and quartz micro-fibre filter of the denuder are not directly exposed to the PTFE

sleeves, thereby preventing potential adsorption of analytes onto the Teflon.
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Figure 1.  (A) Cross-section of a multichannel silicone rubber trap. 1Silicone

elastomer (PDMS) tubes are arranged in parallel inside of a commercial glass

desorption tube to give a PDMS sorptive volume of 600 µL.  (B) A novel low

pressure-drop miniature denuder (multi-channel PDMS trap + 2micro quartz fibre

filter + multi-channel PDMS trap).  The multi-channel PDMS traps and filter are

tightly connected in series with a Teflon (PTFE) sleeve. 1Air borne vapour phase is

collected on the first multi-channel PDMS trap and 2air borne particulate phase is

collected on the micro quartz fibre filter. 3Back-up multi-channel PDMS trap to

collect blow-off and potential break-through.  Indoor air is sampled with a small and

simple battery operated sampling pump at a low air flow sampling rate (200 mL min-

1) and a short collection period (20 min).



9

2.2.1. Battery operated field pump

Field gas sampling pumps were designed and built in-house, and included a

model G-12/01 pump motor from Rietschle Thomas, Memmingen, Germany.  The

motor was driven by a constant voltage circuit which made the pump rate

independent of battery voltage.  Power was supplied by a rechargeable 7 volt-

ampere (VA) lead battery (Electronics 123, Pretoria, South Africa).

2.2.2. Indoor air sampling

Indoor air samples were collected from traditional round thatch-roof huts in a

rural village (S 23°02’02.3” E 30°51’33.5”) in the Vhembe District, Limpopo Province,

South Africa.  The village is situated within an intermediate-risk malaria area where

indoor DDT-spraying is performed annually [5].  A detailed description of the study

area was reported in Van Dyk et al. [5].  Sampling was done in November 2007

during the early summer season.  The province is a summer rainfall region.  Indoor

air samples were collected from a total of five huts over a period of five days.  A

single hut was sampled per day at 4 sampling intervals over a 24 h period.  Four litre

of indoor air was sampled at approximately 60 cm above ground level with a denuder

(multi-channel PDMS trap + micro quartz fibre filter + multi-channel PDMS trap) at

200 mL min-1 for 20 min.  Sampling took place prior to indoor DDT application (-1 h),

immediately after application of DDT to the walls and ceilings of the rural dwellings (0

h), after 4 h, and after 24 h since DDT-spraying.
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2.3. Indoor air analyses by GC-MS

The analytes were desorbed form the first multi-channel PDMS traps

(gaseous phase air borne contaminants) and the micro quartz fibre filters and back-

up multi-channel PDMS traps (particulate phase air borne contaminants) in a Gerstel

thermal desorption system (TDS) installed on a Hewlett Packard (HP) GC 1530A

coupled to a HP 5973 mass selective detector (MSD) (Chemetrix, Johannesburg,

South Africa).  The same instrumental conditions were used for analyses of gas

phase air borne contaminants and for particulate phase air borne contaminants.  The

TDS transfer line temperature was 350 °C.  During desorption the multi-channel

PDMS traps were heated from 30 °C (3 min) at 30 °C min -1 to 280 °C (15 min) with a

desorption flow rate of 100 mL min-1 at 65 kPa (Helium, Ultra High Purity, Afrox,

Johannesburg), enabling total transfer of analytes to the cold trap.  The desorbed

analytes were cryogenically focused on a Gerstel cooled injection system (CIS) at –

50 °C using liquid nitrogen.  The CIS liner was an open deactivated glass liner

(Gerstel, Germany).  After desorption, a splitless injection (purge on at 5 min, purge

flow 80 mL min-1, solvent vent mode) was performed by heating the CIS from –50 °C

at 6 °C s-1 to 250 °C maintained for 10 min.  GC separation was performed on a

Zebron column, ZB1 30 m x 250 µm ID x 0.25 µm film thickness (Phenomenex,

Separations, Randburg, South Africa), the velocity of the carrier gas (helium) was 33

cm s-1 (0.7 mL min-1) and the column head pressure was 65 kPa in the constant

pressure mode.  The GC oven temperature programme was 150 °C (5 min) at 10 °C

min-1 to 210 °C, at 5 °C min-1 to 280 °C (1 min).  The GC run time was 26 min.  A

post run was performed at 300 °C (5 min).  The GC-MS transfer line was at 300° C,
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the source (EI+) temperature 230 °C, the MS quadrupole temperature 150 °C, the

ionisation energy 70 eV and the electron multiplier (EM) 1700 V.

A chromatogram was recorded in full scan mode (45–450 m/z) to identify the

target analytes and to determine their respective retention times.  Thereafter, all

analyses and quantification were performed in the more sensitive selected ion

monitoring (SIM) mode.  For DDE the selected ions were 246 m/z, 248 m/z, 318 m/z

(100 ms dwell time), whilst for DDD, DDT as well as 13C12 – p,p’-DDT (IS) the

selected ions were 165 m/z, 235 m/z, 237 m/z, 247 m/z, 249 m/z, 330 m/z (50 ms

dwell time).  Blanks (PDMS traps and filters) were routinely analysed.  Separate GC-

MS runs were performed, under the same instrumental conditions, for air borne

vapour phase DDT (first multi-channel PDMS trap) and air borne particulate phase

DDT (filter and back-up multi-channel PDMS trap).

2.3.1. Quantification

GC-MS calibration was performed by addition of 1uL of each of the calibration

standard solutions (0.5 pg µL-1– 5 ng µL-1) to ten blank multi-channel PDMS traps.

One microlitre of the isotope-labeled ring substituted 13C12 – p,p’-DDT working

solution was added as an internal standard (1 ng µL-1) to each of the ten calibration

PDMS traps, and as well as to the indoor air enriched PDMS traps and filters.  The

internal standard (IS) method of quantification was done.  Calibration curves (n=10)

were constructed by plotting response factors (peak areaAnalyte/peak areaInternal standard)

for each of the compounds.  The results of the linear regression analysis are

depicted in Table 1.
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Table 1

Linear regression analysis for p,p’-DDT, o,p’-DDT, p,p’-DDD, o,p’-DDD, p,p’-DDE and o,p’-DDE

Compound Quantification Ion 1 Regression  Equation R2 2LOD ng m-3  3LOQ ng m-3

m/z (n = 10) (pg L-1) (pg L-1)

2,4’-DDE 246 y = 4.8792x + 0.0856 0.997 0.0683 0.2277

4,4’-DDE 246 y = 2.1537x + 0.053 0.998 0.1196 0.3987

2,4’-DDD 235 y = 3.1319x + 0.1555 0.999 0.1337 0.4456

4,4’-DDD 235 y = 2.5899x + 0.016 0.998 0.2669 0.8897

2,4’-DDT 235 y = 2.0905x + 0.0383 0.999 0.2967 0.9891

4,4’-DDT 235 y = 0.8885x + 0.0006 0.998 0.3515 1.1715

Compounds listed in order of elution (apolar separation).  Quantification ion for internal standard (13C12 – p,p’-DDT) is 247 m/z. 1y = peak area of
compound/peak area of internal standard (13C12 – p,p’-DDT); x = concentration of the compound ng 4L-1. 2Limit of detection (LOD) calculated as the
concentration that gives a signal-to-noise ratio of 3. 3Limit of quantification (LOQ) calculated as the concentration that gives a signal-to-noise ratio of 10.
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3. Results and discussion

3.1. Evaluation of p,p’-DDT degradation during thermal desorption and CIS injection

It is well known that DDT can degrade to DDD and DDE on a hot inlet surface.

DDT degradation is not due to DDT being thermally labile, but due to active sites in

the GC inlet.  Activity in the injection port liner of a GC is increased at a high inlet

temperature.  The boiling point of DDT is 260 °C [25] and a typical GC inlet

temperature for DDT is 250 °C.  Drawing conclusions as to whether DDD and DDE

are due to environmental degradation rather than degradation in a GC inlet are

therefore problematic.  In general, an accepted break-down limit of p,p’-DDT

degradation in the inlet is 15% [26]. p,p’-DDT degradation in the inlet often exceeds

15% and can be as high as 65% [27].  The Gerstel CIS is a programmed

temperature vaporising injector (PTV) resulting in injection at a lower temperature.

CIS inlet liner dimensions (2 mm ID, 70 mm long) are smaller compared to

conventional GC inlet liners (4 mm ID, 78 mm long).  Therefore, the potentially active

glass surface area of a CIS liner is relatively small compared to a regular inlet liner.

To evaluate the potential for degradation of p,p-DDT during thermal desorption

and CIS injection, multi-channel PDMS traps were spiked with 1 ng µL-1 of p,p’-DDT

degradation solution (section 2.1).  The spiked multi-channel PDMS traps were

desorbed using various TDS and CIS heating rates (Table 2).  The CIS was heated

from -50 ºC to 250 ºC and the TDS from 30 °C to 280 °C for all experiments.

Degradation of p,p’-DDT (22%) was the greatest at a slow TDS heat rate (10 ºC min-

1) and a slow CIS heat rate (3 °C s-1) (Table 2).  Analyte degradation (8%-11%)

decreased at faster TDS and CIS heating rates (Table 2).  Slower heating rates
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result in prolonged analyte contact time and an associated increase in degradation.

Inlet liners were replaced regularly with new deactivated liners to control DDT

degradation.

TDS-CIS injection was then compared to isothermal injection at 250 ºC with the

same CIS inlet, only now the inlet was in conventional GC inlet mode (septumless

samplehead) instead of CIS-PTV mode.  Conventional isothermal injection of 1 µL of

the inlet degradation solution at 250 ºC produced p,p’-DDT degradation of 36%

(Table 2).  This confirmed that TDS and cryogenic focusing of analytes prior to

injection, followed by injection with ramped heating of the inlet to 250 ºC, is a milder

sample introduction technique, causing less p,p’-DDT degradation, when compared

to conventional isothermal injection at 250 ºC.

Table 2

Comparison of the effect of TDS and CIS heating rates and of conventional injection on %
degradation of DDT

Thermal desorption/injection

TDS heat rate/CIS heat rate DDT degradation (%)

10 °C min-1/3 °C s-1 22

30 °C min-1/3 °C s-1 12

60 °C min-1/3 °C s-1 14

30 °C min-1/6 °C s-1 8

60 °C min-1/6 °C s-1 11

30 °C min-1/12 °C s-1 9

60 °C min-1/12 °C s-1 10

Conventional isothermal injection DDT degradation (%)

250 °C 36



15

3.2 Vapour phase and particulate phase DDT in indoor air

The isotope-labeled internal standard (ring substituted 13C12 – p,p’-DDT) method

of calibration and linear regression analysis (Table 1) were used to quantify p,p’-

DDT, o,p’-DDT, p,p’-DDD, o,p’-DDD, p,p’-DDE and o,p’-DDE in contaminated indoor

air.  Limits of detection were 0.07-0.35 ng m-3 for p,p’-DDT, o,p’-DDT, p,p’-DDD, o,p’-

DDD, p,p’-DDE and o,p’-DDE (Table 1).  Should lower LODs be required negative

chemical ionisation, instead of EI+, can be used.  Figure 2 depicts a chromatogram

(SIM mode) of a low calibration standard 0.5 pg µL-1 – 2.4 pg µL-1, and overlays of

chromatograms of indoor air prior to DDT IRS and after DDT IRS.
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Figure 2.  (A) SIM chromatogram of the lowest calibration standard 0.5 pg µL-1 –

2.4 pg µL-1. (B) Overlay of SIM chromatograms of 4 L of indoor air: prior to DDT IRS

and after DDT IRS.

Vapour phase and particle bound p,p’-DDT, o,p’-DDT, p,p’-DDD, o,p’-DDD, p,p’-

DDE and o,p’-DDE were concentrated from 4 L indoor air using a simple, off-line
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battery operated, small field sampler consisting of a novel serially fitted low pressure-

drop denuder (multi-channel PDMS trap + micro quartz fibre filter + multi-channel

PDMS trap) (Section 2.2, Fig. 1).  At the low flow rate (200 mL min-1) employed, the

pump motor drew approximately 10 milliampere (mA), which allows for a theoretical

pump run time of approximately 700 hours from a battery in good condition, before

requiring a recharge.  However, batteries were recharged daily.  The hydrophobic

silicone rubber absorption medium is not sensitive to moist air.  A denuder allows

simultaneous collection of molecules and transmission of aerosol particles through

the silicone rubber tubes based on the large difference in radial diffusion speeds in

the axial laminar flow environment [24].  Simply put, molecules diffuse fast enough to

reach the absorption medium whereas (heavy) particles are blown straight through

because of their slow radial movement.  Airborne vapour phase contaminants are

collected on the first multi-channel PDMS trap and airborne particulate phase

contaminants are collected downstream on a serially fitted quartz micro-fibre filter

(Fig. 1).  A second multi-channel PDMS trap is useful as a back-up trap to collect

blow-off and potential break-through (Fig. 1).  Sampling was performed at a low air

flow sampling rate (200 mL min-1) and a short collection time (20 min).  Back in the

laboratory, solvent extraction of the concentration materials was not required.

Instead, thermal desorption allowed solvent-free transfer of the entire collected

sample mass to the cryo-cooled (liquid nitrogen) inlet of a GC-MS.  To test the

desorption efficiency of analytes from multi-channel PDMS traps and filters during

TDS, previously analysed multi-channel PDMS traps and filters were immediately

redesorbed in consecutive runs.   Quantitative removal of analytes from multi-

channel PDMS traps and filters were confirmed, since analytes were not detected

during these second runs.
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The many benefits of TDS-CIS are depicted in Table 3.  A disadvantage is that

thermal desorption consumes the full sample, preventing repeat injections often

performed for liquid extracts (Table 3).  Storage of an analysed sample is also not

possible.  The rather substantial cost of a TDS-CIS system may be considered

against the cost saving gained by a sample preparation-free and solvent-free

system.  Instead of liquid nitrogen, a packed liner may be used to focus DDT at room

temperature.  The advantage of two separate airborne contaminant phases can still

be attained by laboratories not equipped with a TDS.  In such cases PDMS and filter

denuder materials may be solvent extracted.

Table 3

Advantages and disadvantages of thermal desorption/injection (TDS-CIS)

Advantage Disadvantage

Sample preparation not required Total sample is consumed

-Minimises analyte loss

-Minimises introduction of artefacts Cost/Availability

-Cost saving -TDS-CIS system

Solvent free (“green”) -liquid nitrogen

-No solvent waste disposal

-No solvent associated artefacts

-No exposure of staff to solvent

-Cost saving

Sample not diluted

-Enhanced detection limit

Lower injection temperature minimises DDT conversion
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Figure 3 illustrates the mean contribution (µg m-3) across five huts of vapour

phase and particulate phase p,p’-DDT, o,p’-DDT, p,p’-DDD, o,p’-DDD, p,p’-DDE and

o,p’-DDE in indoor air over a 24 h period.  Airborne DDT was present in both vapour

phase and in particulate phase in indoor air prior to DDT-spraying (Table 4).  Directly

after indoor residual spraying (IRS) vapour phase and particulate phase mean (n=5)

Σ DDT increased.  A recommendation is that inhabitants should remain outside their

dwellings for at least an hour after technical DDT application [28].  However, 24 h

after IRS vapour phase mean Σ DDT was at a maximum (possibly due to DDT spray

drift from a larger number of huts sprayed in the village within a 24 h period).

Particulate phase mean Σ DDT showed a minor decrease over a 24 h period after

IRS (under undisturbed dust conditions).  Mean (n=5) Σ DDT was largely present as

vapour phase in indoor air (Table 4).  Compared to DDT and DDD, vapour phase

fractions of p,p’-DDE were lower. p,p’-DDE, a potent endocrine disrupting chemical

[29], is reported to show highest bioaccumulation in human fatty tissue when

compared to DDD and DDT [29,30].  It is assumed that phase distribution of the

compounds depend on the particulate mass concentration and the ambient

temperature: the higher the temperature the more the equilibrium shifts to the gas

phase [8].
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Figure 3.  Concentrations of p,p’-DDT, o,p’-DDT, p,p’-DDD, o,p’-DDD, p,p’-DDE and

o,p’-DDE (µg m-3) in vapour (VP) and particulate phases (PP) in indoor air averaged

for five huts.  Sampling intervals: -1 h prior to DDT-spraying; 0 h directly after DDT-

spraying; 4 h after DDT-spraying; 24 h after DDT-spraying.    4 L indoor air borne

vapour phase was collected on a multi-channel PDMS trap and air borne particulate

phase was collected down-stream on a quartz micro-fibre filter and a second multi-

channel PDMS trap.  Levels of DDD are higher than DDT across sampling intervals.

4 h after IRS levels of o,p’-DDT are higher than p,p’-DDT.  Vapour phase mean Σ

DDT is highest 24 h after IRS, possibly due to DDT spray drift from a larger number

of huts sprayed within a 24 h period.  Particulate phase Σ DDT showed a minor

decrease over a 24 h period after IRS.  For details see text 3.2.
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Table 4

DDT, DDD, DDE (µg m-3) in indoor air and fraction of the concentration in vapour phase (%)
of five huts sampled at intervals prior to IRS, directly after IRS, 4 h and 24 h after IRS

Compound Vapour phase (VP) Particulate phase (PP) VP+PP Vapour
phase

fraction %Mean
(n=5)

Range Mean
(n=5)

Range Total
airborne

Min Max Min Max

-1 h prior to IRS

o,p' - DDE 0.02 0.01 0.03 0.003 <LOD1 0.003 0.023 89.1

p,p' - DDE 0.15 0.03 0.26 0.09 <LOD 0.09 0.24 61.4

o,p' - DDD 1.12 0.10 1.92 0.4 0.15 0.61 1.51 73.8

p,p' - DDD 1.48 0.27 3.00 0.77 0.54 1.33 2.25 65.7

o,p’ - DDT 0.58 0.36 0.80 0.08 0.12 0.13 0.66 87.5

p,p’ - DDT 0.47 0.18 0.63 0.17 0.06 0.37 0.64 73.4

t-DDE2 0.17 0.09 0.26

t-DDD 2.60 1.17 3.77

t-DDT 1.05 0.25 1.30

Σ-DDT 3.82 1.52 5.33

0 h after IRS

o,p' - DDE 0.14 0.09 0.2 0.04 <LOD 0.11 0.18 78.7

p,p' - DDE 0.18 0.13 0.26 0.14 <LOD 0.27 0.32 55.8

o,p' - DDD 2.23 1.69 3.09 1.13 0.31 2.84 3.36 66.4

p,p' - DDD 3.45 1.25 8.21 0.79 0.57 1.25 4.23 81.4

o,p’ - DDT 2.13 1.11 4.28 0.28 0.01 0.84 2.41 88.3

p,p’ - DDT 2.42 0.74 5.41 0.49 0.14 1.18 2.91 83.2

t-DDE 0.33 0.18 0.51

t-DDD 5.68 1.91 7.59

t-DDT 4.55 0.77 5.33

Σ-DDT 10.56 2.87 13.43
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4h after IRS

o,p' - DDE 0.17 0.03 0.31 0.33 0.11 0.56 0.5 33.3

p,p' - DDE 0.19 0.14 0.28 0.14 0.02 0.36 0.33 57.3

o,p' - DDD 2.34 0.59 3.73 1.45 0.23 3.75 3.79 61.7

p,p' - DDD 1.63 0.63 2.53 0.4 0.02 0.72 2.03 80.4

o,p’ - DDT 2.13 0.65 3.93 0.07 0.01 0.19 2.2 96.6

p,p’ - DDT 1.23 0.41 3.11 0.36 0.19 0.85 1.59 77.3

t-DDE 0.35 0.47 0.83

t-DDD 3.97 1.85 5.82

t-DDT 3.36 0.44 3.80

Σ-DDT 7.68 2.76 10.44

24 h after IRS

o,p' - DDE 0.27 0.02 0.70 0.06 0.06 0.06 0.33 81.7

p,p' - DDE 0.35 0.06 0.84 0.14 0.001 0.42 0.49 71.3

o,p' - DDD 4.01 0.45 9.72 0.18 0.15 0.21 4.19 95.7

p,p' - DDD 3.03 0.86 6.36 0.83 0.38 1.68 3.86 78.5

o,p’ - DDT 3.07 0.59 6.78 0.63 0.004 1.86 3.70 83.1

p,p’ - DDT 1.64 1.30 2.01 0.46 0.27 0.63 2.10 78.1

t-DDE 0.62 0.20 0.82

t-DDD 7.04 1.01 8.05

t-DDT 4.71 1.09 5.80

Σ-DDT 12.37 2.30 14.67

1Limit of detection 2t-DDT was calculated as the sum of p,p’-DDT and o,p’-DDT;  t-DDD was
calculated as the sum of p,p’-DDD and o,p’-DDD; and t-DDE was calculated as the sum of p,p’-DDE
and o,p’-DDE



22

3.2.1 Ratios of o,p’-DDT relative to p,p’-DDT

Technical grade DDT (75% wettable powder) used for IRS in South Arica

contains 72-75% of p,p’-DDT, the active ingredient, and ~22% of o,p’-DDT [28, 31].

Prior to, and directly after DDT-spraying, vapour phase p,p’-DDT and vapour phase

o,p’-DDT were present in approximately equal ratios, while particulate phase p,p’-

DDT was higher than particulate phase o,p’-DDT (Fig. 3).  However, 4 h to 24 h after

DDT-spraying vapour phase p,p’-DDT (~36%) was considerably lower than vapour

phase o,p’-DDT, whilst after 4 h particle phase p,p’-DDT was considerably greater

than particle phase o,p’-DDT.  Twenty four hours after IRS particle phase p,p’-DDT

was less than particle phase o,p’-DDT.  Bouwman et al. [28] demonstrated that

relative to p,p’-DDT, o,p’-DDT constituted ~75%, of the indoor air of huts after IRS.

The authors’ results support our measurements of higher levels of o,p’-DDT relative

to p,p’-DDT in indoor air, as Bouwman et al.’s [28] sampling was conducted

concurrently with our sampling.  According to Bouwman et al. [28] two types of IRS

products were used during the 2007 season, one product containing significantly

higher levels of o,p’-DDT compared to p,p’-DDT.  To our knowledge p,p’-DDT does

not change to o,p’-DDT under environmental conditions.  This unusual o,p’-DDT/p,p’-

DDT ratio is not typical of technical DDT, instead it is somewhat similar to the ratio of

dicofol-associated DDT [32].

Because p,p’-DDT degrades to p,p’-DDE only under aerobic conditions and to

p,p’-DDD only under anaerobic conditions [33-35], it can be safely concluded that the

DDT products used prior to and during IRS 2007 contained very little p,p’-DDT

relative to o,p’-DDT. Since it is only p,p’-DDT that is effective against the malaria
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carrying mosquito this diminished insecticidal potency represented by the low levels

of p,p’-DDT present in DDT products is a major cause for concern.  Of interest is that

an investigation of POPs in the Southern Hemisphere resulting from atmospheric

transport showed that soils from the Eastern coast of Antarctica also contained

higher proportions of o,p’-DDT relative to p,p’-DDT [36].

3.2.2 Ratios of DDD and DDE relative to DDT

Total airborne DDT, DDD and DDE was calculated as the sum of vapour and

particulate phases (VP+PP) (Table 4).  The level of total airborne DDD (3.77 µg m-3)

was higher than total airborne DDT (1.3 µg m-3) prior to DDT-spraying, and as well

as over a 24 h period after DDT-spraying (Table 4, Fig.3).  Technical DDT contains,

as by-products, less than 1% o,p’-DDD, p,p’-DDD, o,p’-DDE and p,p’-DDE [37]. p,p’-

DDT in the environment degrades to p,p’-DDD under anaerobic conditions and to

p,p’-DDE under aerobic conditions [33-35].  Therefore, DDE formation is favoured in

well aerated soil [12].  Because emissions from residues present in soil is a source of

pollutants in air [12], DDE rather than DDD is expected to be present in the indoor air

of the huts.  Thus, the surprisingly elevated level of total (gas+particulate phases)

airborne DDD prior to IRS is not the result of weathered DDT, since under the

prevailing conditions DDE formation is favoured over DDD.  Directly after DDT-

spraying total airborne DDD of 7.59 µg m-3 was double the amount of total airborne

DDD just prior to DDT-spraying (Table 4).  This implies that DDT products used

during IRS 2006 and IRS 2007 seasons contained a significant amount of DDD.

Prior to DDT-spraying total airborne DDD constituted 71% of total airborne Σ DDT

while after DDT-spraying total airborne DDD constituted ~57% of total airborne Σ
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DDT.    Alarmingly, it appears that the IRS DDT product used at the time of our study

contained significantly less than the required ~73% p,p’-DDT, and an unusually high

level of DDD.

Given that technical grade p,p’-DDT should contain very little p,p’-DDD and

p,p’-DDE the presence of p,p’-DDD and p,p’-DDE in the environment is usually an

indication of DDT degradation. p,p’-DDE/p,p’-DDT and p,p’-DDD/p,p’-DDT ratios

have been used to determine recent or historical p,p’-DDT usage [12].  As discussed

previously, anaerobic environmental conditions favour p,p’-DDD formation over p,p’-

DDE [33-35].  Degraded residues in well aerated soils therefore generally contain

less p,p’-DDD than p,p’-DDE [12].  Batterman et al. [12] reported a p,p’-DDE/p,p’-

DDT ratio of 0.29 in ambient air in Durban, South Africa.  The p,p’-DDD/p,p’-DDT

ratio in ambient air in Durban should then be lower than the reported p,p’-DDE/p,p’-

DDT ratio of 0.29.  However, Batterman et al. [12] described airborne levels of p,p’-

DDD almost equal to p,p’-DDT, and in some air samples p,p’-DDD exceeded p,p’-

DDT in ambient air in Durban, South Africa.  The authors suggested that this unusual

p,p’-DDD/p,p’-DDT mean ratio of 0.60 for ambient air in Durban may be due to

current use of DDT formulations that differ from formulations used in the past [12],

which would explain these excessive p,p’-DDD levels.  Historically, p,p’-DDD was

produced as an insecticide, although its efficacy was lower compared to p,p’-DDT

[12], while o,p’-DDD has been used medically to treat cancer [38, 39].  The presence

of unusual elevated levels of airborne p,p’-DDD in South Africa are indeed

substantiated by our measured ratios of indoor airborne p,p’-DDD/p,p’-DDT which

were 3.52 prior to DDT-spraying, and 1.52 after IRS in Limpopo Province, South

Africa. p,p’-DDD/p,p’-DDT ratios significantly below 1 are anticipated directly after

DDT-spraying.  However, even directly after spraying the level of indoor airborne
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DDD in traditional huts in the Limpopo Province still exceeds that of airborne p,p’-

DDT, suggesting that technical DDT contained levels of DDD exceeding the required

product composition.  It was confirmed that the DDT IRS 2006 product contained

more DDD than DDT (personal communication, 2008).  Unfortunately, we could not

obtain a sample of the commercial DDT product.

  A high p,p’-DDE/p,p’-DDT ratio generally indicates ageing of DDT [12].  As

expected, low indoor airborne p,p’-DDE/p,p’-DDT ratios for Vhembe in Limpopo

Province, South Africa were measured. p,p’-DDE/p,p’-DDT ratios prior to DDT-

spraying were 0.37 and after DDT-spraying it was 0.18.

3.2.3 Indoor air chemical profile

IRS takes place annually [5].  However, increases in cases of malaria

outbreaks following IRS have been reported which then necessitates a second round

of IRS (personal communication, 19 August 2009).  Ratios of indoor airborne p,p’-

DDD/p,p’-DDT and of o,p’-DDT/p,p’-DDT in Vhembe are unusually high.  In view of

the fact that it is only p,p’-DDT that is effective against the malaria carrying mosquito,

these unusual ratios suggest that the insecticidal efficacy of the active ingredient in

commercial DDT IRS products used prior to and during the 2007 season were

reduced.  Additionally, technical DDT has oestrogen-like properties, mainly due to

o,p’-DDT [29] and therefore levels of o,p’-DDT in IRS products higher than

necessary are cause for concern. o,p’-DDT and o,p’-DDD are chiral molecules and

both exist as enantiomeric pairs [26, 40]. o,p’-DDT exhibits enantioselective

oestrogenicity [39,41,42] and biodegradability [26, 40].  (-)o,p’-DDT enantiomer is a

weak oestrogen mimic while (+)o,p’-DDT is inactive [39,41,42].  Airborne
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enantiomers of R(-)o,p’-DDT and S(+)o,p’-DDT and of S(+)o,p’-DDD and R(-)o,p’-

DDD were measured in indoor vapour and particle phases after IRS [40]. Two very

different enantiomeric profiles were revealed:  indoor air vapour phase displayed a

racemic composition, while indoor airborne particulate phase displayed a non-

racemic composition [40].

Regrettably, the commercial DDT product used during the IRS 2007 season

was not made available to us for analysis.  Commercial DDT products supplied to us

in 2008, and analysed by us, contained ~73% p,p’-DDT relative to Σ DDT with the

balance consisting of mainly o,p’-DDT and levels of DDD were within specification.

However, the chromatogram showed the presence of, amongst others, a pyrethroid

and organochlorine compounds other than the target compounds reported in this

study.  Quality control of IRS products should include a full inspection of the total

chromatogram, and not only of p,p’-DDT.

3.3. Comparison of PUF and denuder (multi-channel PDMS trap + filter + multi-

channel PDMS trap) samplers

Indoor air of the huts was sampled concurrently by PUF and denuder (multi-

channel PDMS trap+filter+multi-channel PDMS trap) samplers directly after DDT-

spraying, after 4 h and after 24 h and the results are shown in Table 5.  PUF was

bulk solvent extracted and analysed by an external laboratory (Agricultural Research

Council’s Plant Protection Research Institute of South Africa (ARC-PPRI)) using GC-

ECD.  In general, a relatively good agreement between total (gas + particulate

phases) Σ DDT (µg m-3) for PUF and denuder device (multi-channel PDMS

trap+filter+multi-channel PDMS trap) sampling was obtained.  The relatively larger

difference between PUF and denuder values obtained after 24 h is probably due to
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DDT spray drift from a larger number of huts sprayed within a 24 h period.  Spray

drift would also explain the elevated levels of Σ DDT observed after 24 h for both

PUF and denuder samplers.  The total airborne concentrations were slightly higher in

samples collected by denuder samplers than those collected by PUF (Table 5).  This

trend was also observed for atmospheric PAHs collected by diffusion denuder+filter

vs. filter+PUF [8,9,15]

Because sample preparation steps are completely eliminated, the potential for

loss of analyte and introduction of interferences are minimised with a denuder.  In

contrast, PUF requires solvent extraction followed by evaporation and clean-up

which may cause loss of analytes and introduction of interferences and hence may

result in lower values obtained with PUF.  Disadvantages of PUF are that it is bulky,

requires high volume sampling pumps which increases the potential for compound

break-through, does not distinguish between vapour and particulate phases, and it

requires solvent extraction, clean-up and concentration.  In comparison, our denuder

sampler distinguishes between vapour and particulate phases and uses compact,

battery operated (an important consideration in rural areas), low volume sampling

pumps.
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Table 5

Comparison of mean indoor air borne Σ DDT (µg m-3) values obtained with PUF and a denuder
(PDMS trap+filter+PDMS trap) sampler directly after indoor DDT-spraying (0 h), 4 h and 24 h after
IRS

Interval 1PUF 2Denuder 2Vapour Phase 2Particulate Phase

PDMS trap+filter+PDMS trap

0 11 13 10.6 2.9

4 8 10 7.7 2.7

24 9 15 12.4 2.3

1Bouwman et al. [28] 2Denuder device (multi-channel PDMS trap+filter+multi-channel PDMS trap)
distinguishes between air borne vapour phase and air borne particulate phase, whilst PUF does not.

4. Conclusions

A new environmental forensic technique was developed for DDT IRS.  Indoor

air borne vapour phase and particulate phase p,p’-DDT, o,p’-DDT, p,p’-DDD, o,p’-

DDD, p,p’-DDE and o,p’-DDE were collected separately by a novel denuder multi-

channel PDMS trap+filter+multi-channel PDMS trap combination, at a low air flow

sampling rate and a short collection time using a compact, battery operated field

pump.  The low cost denuder sampler is quick and simple to assemble and it fits

commercial thermal desorbers.  Solvent extraction of the sampling materials, extract

clean-up and concentration are not required.  Instead, solventless thermal desorption

allows transfer of the entire sample mass to the CIS inlet of a GC-MS.  CIS injection

is mild compared to conventional isothermal GC injection, minimising the conversion

of DDT to DDD during injection.  LODs and LOQs of the GC-MS (SIM) EI+ mode

method were at ng m-3 levels for 4L of air sampled.  Vapour phase and particulate

phase p,p’-DDT, o,p’-DDT, p,p’-DDD, o,p’-DDD, p,p’-DDE and o,p’-DDE were each

quantified separately.  Vapour phase mean Σ DDT 3.82 µg m-3 and particulate phase
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mean Σ DDT 1.52 µg m-3 were measured inside traditional huts prior to DDT

spraying.  Following a 24 h waiting period after DDT IRS vapour phase mean Σ DDT

was 12.37 µg m-3 and particulate phase mean Σ DDT was 2.30 µg m-3.  Ratios of

airborne p,p’-DDD/p,p’-DDT and of o,p’-DDT/p,p’-DDT were unusually high and do

not match the ideal ingredient composition required of certified commercial DDT.

Our technique, gentler than conventional injection, reduces uncertainty as to the

origin of the unusually high DDD values.  Insecticidal efficacy of a DDT IRS product

may have been compromised which may explain an incidence of malaria outbreaks

following IRS.  Since sampling was done under undisturbed conditions we cannot

conclude that particulate phase insecticide presents an unimportant pathway for

human exposure.  Our method is well-suited for use in a follow up study involving the

sampling of air during domestic activities (sweeping, dusting).  The same sampling

method also allows enantiomeric analysis at the concentrations indicated.

Enantiomeric analysis would eliminate uncertainties as to whether the fraction of

DDD present in the environment is due to dubious IRS products or to the ageing of

DDT.  Our method is not limited to DDT, and can be used for air pollution monitoring

of additional POPs and PAHs.
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