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Abstract. The aim was to assess the permeation of differenclothing offer only t and R for guidance for selection of
herbicide emulsion concentrate formulations of 2,4-dichloro-chemically protective clothing. Gloves are also characterized
phenoxyacetic acid (2,4-D) as 60.8 and 83.5% butoxyethyby physical properties related to strength, flexibility, and wearer
ester (BEE) and 46.8% dimethyl amine salt (DMAS) throughcomfort in addition to protectiveness. The correct initial choice
four types of glove materials (lined unsupported nitrile, unlinedof gloves that are to be disposed of after the task is thus crucial.
unsupported butyl, Silver Shield laminate, and Viton). ThisThe influence of workshift manual manipulations on perme-
entailed the development of new microchemical techniques ttion properties requires separate study: if the gloves fail when
allow sensitive capillary gas chromatography/mass spectromyg stress is on them, this needs to be known before donning
etry (GC/MS) of the permeated herbicide. The 2,4-D DMAS hem.

was esterif_ied to the methyl _es_ter by b(_)ron t_rifluoride-methanol Although the permeation properties of commercially impor-
complex with 9.2+ 3.7% efficiency using microwave heating ot solvents are well documented, those for pesticides in their
to minimize reaction time and to process microsamples. Thg, . jations are not. A liquid pesticide like malathion can

GC/MS dgtectlon I.|m|t was 5 ng/ml (ppb) of 2,4-D DMAS in permeate without assistance (Lin and Que Hee 1998a). In fact,
the collection medium. The permeates from the ester formula;

. . . _the presence of 12 xylene-fraction inert components moderated
tions were analyzed directly for the ester above the detectlort}]e ermeating broperties of pure malathion in a liauid emul-
limit of 9 ng/ml (ppb) BEE. The permeation investigations P g prop p q

utilized the American Society for Testing Materials (ASTM)- sion concentrate, and this has been modeled for nitrile and butyl
type permeation cells with liquid collection media. The resultsgloves (Lin and Que Hee 1998b, 1998c). The permeation of a

showed that these gloves could provide atti€b protection solid pesticide is wholly dependent on the liquid inert ingredi-
for these formulations. ents of emulsifiable concentrates, an area of ongoing research

for our research group. The permeation of solid organophos-
phates (Kharet al. 1997) and carbamates (Lu and Que Hee
1998) in their liquid emulsion concentrates has been already
reported in addition to earlier work with an emulsion concen-
Protective clothing is an essential personal protective equipgate of isooctyl ester of 2,4-dichlorophenoxyacetic acid (2,4-
ment item for workers and for many others who TeQUIre iy 'the pure ester being a viscous, nonpolar liquid (Harville and
shielding from the adverse effects of chemical, physical, angy e Hee 1989). The present study extends the latter investiga-

biologigal agents. The Fransfer of a challenge agent thro_ugh flon for a different ester and a salt form of the organochlorine
protective clothing barrier without degradation of the barrier IS erbicide 2.4-D

pe_"T‘ea“O“- Transfer thr(_)ugh plnholes_ in the barrier pres_ent 2,4-D is a phenoxy herbicide that on absorption (“systemic”)
originally or after chemical degradation of the barrier is is transported to its target sites (“translocated”) (Audus 1976)
penetration. The time when the agent is detected in th P 9 :

collection medium by permeation, penetration, or both pro-?t is usually applied as a salt or ester together with other inert
cesses is termed the breakthroudh time and is,, technique components. 2,4-D amine salt, alkali salt, and low-volatile ester
’ formulations are used to control broadleaf plants and weeds in

he P

dependent. When the rate of appearance of agent in t | i ‘ : d K
collection medium is constant, the transfer process is said to pRrange groves, lawns, goit Courses, orests, roadways, parks,

in steady state, characterized by both the steady state transfgllaygrounds, playing fields, and agricultural land (Ha_ertisal.
rate, R, and the lag time,tthe latter being the hypothetical 1992). 2,4-D butyl and octyl esters were the constituents of
time when the steady state last shows zero transferred massf#€nt Orange, the Vietnam War defoliant (Que Hee and

the collection medium. Manufacturers of gloves and protective>Utherland 1981). 2,4-D has been reported to cause convul-
sions, peripheral neuropathy, and brain damage in poisoning

cases (Watterson 1988). Acute effects include skin and mucous
membrane irritation. Workers have reported general weakness,
Correspondence t@. S. Que Hee headache, dizziness, stomach pains, and nausea after occupa-
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tional exposure (Hayes 1982; Stevens and Sumner 1991)vere investigated in the present study with methods of about

Kansas farmers who used 2,4-D for more than 20 days per yea&gual sensitivity relative to 2,4-D acid equivalent.

reportedly had a risk of lymphatic cancer six times higher than a

control group with no exposure to herbicides (Nadakavukaren

1990). Agricultural workers exposed to 2,4-D exhibited abnor- ]

mal spermatozoa as tetraspermia (Lerda and Rizzi 1991Materials and Methods

Suicides with 2,4-D dimethyl amine salt (DMAS) have been

documented (Kelleet al. 1994). The major route of human Gloves and Reagents

exposure to the semivolatile and nonvolatile forms of 2,4-D

currently sprayed is through the skin (Hayes 1982). Thus, théour types of glove barriers were tested: lined unsupported Sol-vex

wearing of personal protective equipment like gloves is necesnitrile from Ansell Edmont (Coschocton, OH, catalog No. 37-165, 0.56

sary (Groveret al. 1988). Studies of permeation through glove mm thickness, 38 cm in length), unlined unsupported butyl (B131, light

materials are therefore essential. weight, 0.36-0.38 mm thickness, 28 cm in length), Silver Shield
Data on the permeation of some 2,4-D derivatives ardaminate (S§5104M, 0.76 mm), and Viton (F124, 2.3 mm) from North

available. 2,4-D DMAS permeated through cotton Covera"SHand_Protection (Charleston, SC)._ The more expensive Silv_er Shield

and a short-sleeved cotton T-shirt to farmers’ skins (Grater and Viton gloves should_be protective to 2,4-D ester formulations, a.nd

al. 1988). No breakthrough was observed when a 2,4-D Amin the much less expensive nitrile gloves should be less protective

. . ?Harville and Que Hee 1989). The inexpensive butyl gloves were
96° formulation containing 2,4-D DMAS challenged neoprene, expected to offer about the same protection as nitrile, based on solvent

natural rubber, polyvinyl chloride, and nitrile butyl rubber for 8 otection characteristics relative to nitrile. Weedone Brand LV4
h and 16 h using the ASTM and AIDA test methods, respec{60.8% nominal weight percentage of 2,4-D BEE), Weedone Brand
tively, using a number of permeation cell types (Moody andLv6 (83.5% nominal weight percentage of 2,4-D BEE), and Weedar
Ritter 1990). KilleX®, a 11.8% 2,4-D DMAS formulation, Brand 64 (46.8% nominal weight percentage of 2,4-D DMAS) were
showed no detectable permeation against nitrile rubber glovegrovided by Rhone-Poulenc (Research Triangle Park, NC). 2,4-D
over a 24-h period (Moody and Nadeau 1994). The saméKodak, Rochester, NY), 2,4-D BEE, 2,4-D DMAS, and 2,4-D methyl
challenge concentration of 2,4-D DMAS in acetone permeate@ster (ME) (Chem Service, Westchester, PA) were used as the primary
g he Same loue et g e 2 g per T el Cpins e St o v )
(Moo_dy and Nadeau 1994). Thus, the type of carrier solven riﬂu)gride (BF3)-)|/VIeOH complex BFM ~50% wt BF, (Aldrich,

was important. 2,4-D formulation emulsion concentrates an

. o . ilwaukee, WI) were used in 2,4-D DMAS esterification. Hydrochlo-
aqueous solutions of Esterdrd9 containing 2,4-D is00Ctyl  yic acig HCI (trace metal grade, 30.5-38.0 % wiw) and sodium

ester hadit< 10 min for nitrile and neoprene glove materials pygroxide NaOH (Fisher Scientific) facilitated pH adjustment.

(Harville and Que Hee 1989; Que Hee 1989). Tyvek (laminated Nitrogen (99.995%) from Alphagaz (Walnut Creek, CA) was passed

Saranax) and unsupported nitrile protected up to 100 minthrough a charcoal tube (20/40 mesh, Aldrich) before use in evapora-

Permeation of 2,4-D free acid in acetone through natural rubbetive concentrations. Optima grade hexane and 2-propanol from Fisher

gloves was 3.2¢ 3.5% after 48 h (Moody and Nadeau 1992). Scientific were the collection media for permeation and dilution
The detection limits for the 2,4-D DMAS studies that did not Purposes as appropriate (Table 1). American Society for Testing and

use radiolabeling were high because high-performance ”quia/laterials (ASTM).-Type | distilled water was generatgd bngiIIipore

chromatography (HPLC) with ultraviolet (UV) detection was uper-Q water .fllter system (Bedford, MA). Sodium dichromate

utilized as the analytical technique to define the herbicide t (Fisher Scientific) was used to produce an atmosphere of known

o - . relative humidity (RH).

Therefore, a more sensitive technique might reveal shayter t

The polarity of the active ingredient may also modify the

permeation properties of the carrier solvent as evident for

malathion (Lin and Que Hee 1998b, 1998c). Indeed the higheppparatus

the concentration of the active ingredient, the more important

should this effect be on inert components that do not permeatgs.type 1-PTC-600 permeation cells (Figure 1) were from Pesce
alone. The saline collection medium used to mimic sweat in ap Sales (Kennett Square, PA). The moving tray shaker water bath
some studies might cause a salt effect that would reducgsed for simultaneous immersion of three permeation cells was a Fisher
solubility in the saline relative to water and keep a permeatedscientific model 125 series No. 429 (Lin and Que Hee 1998a—c). A
organic from desorbing into the saline collection medium. Thistorque wrench (Mechanics Products, Kent, WA) ensured equal tight-
would cause long,tand low R. ness of permeation cell nuts. A vortex mixer (Thermolyne type 16700
Though many methods are available for 2,4-D compounds ténixer, Dubuque, 1A) facilitat_ed liquid-liquid extraction. Kimax test

create volatile derivatives for sensitive (pg sensitivity) gastubes of 15 ml and 10 _mI with Teflon—septum screw caps contained
chromatography/mass spectrometry (GC/MS), there is still Fermeates for processing. An 850-W microwave oven (Gold Star,
need for methods that can determine small quantities ofmdel 1080M, Se.o.u" Korea) heated the samples.

. . - - . The analysis utilized a Hewlett-Packard 5890A gas chromatograph
an_al_ytes WIthOUt. |ntenS|ye Samp"? preparation. In this study, alaquipped with a Hewlett-Packard 5988A quadrupole mass spectrom-
efficient and reliable microchemical GC/MS method for the oo in 70 ev positive ion electron impact mode. The fused silica
esterification of 2,4-D DMAS microsamples was developedcapi"ary column was a 30-m long 0.32-mm ID DB-1701 with 1.0
based on the Bfmethanol (BFM) method (Horn@t al. 1974;  ym chemically bonded 14% cyanopropylphenyl film from J&W
Henshawet al. 1975; Lee Chokt al. 1976). One DMAS salt  Scientific (Alltech, Deerfield, IL). Carrier gas helium of 99.9999%
and two butoxyethyl ester (BEE) low-volatile formulations purity at flow rate 3.0+ 0.3 ml/min was from Alphagaz.



Glove Permeation Tests for 2,4-D Derivatives 487

Table 1. Challenge formulations, glove materials, and collection hydrolysis. All the hexane extraction samples were analyzed by
media used in the permeation tests GC/MS to investigate nonpolar components. Concurrent sample pro-
cessing of water blank and 2,4-D DMAS aqueous solutions provided

Weedone Weedone Weedar reagent blanks and positive controls, respectively.
Brand LV4 Brand LV6 Brand 64

Sol-vex Nitrilet Hexane Hexane Water

Butyl® 2-Propanol 2-Propanol Water

Viton Hexane Hexane Water Permeation Experiments

Silver Shield Hexane Hexane Water

The complete method has been described elsewhere (Harville and Que
Hee 1989; Lin and Que Hee 1998a-c). In summary, the glove was
equilibrated at least 24 h at RH 65 1% in a desiccator containing
saturated aqueous sodium dichromate at room temperature
(21.1+ 0.3°C). The material was placed between the two Teflon
gaskets of the permeation cell. The two Pyrex chambers were inserted
into the aluminum flanges, and the nuts were tightened to a torque of 16
in-Ib. A volume of 10 ml of collection medium was added. The
collection media were selected depending on the types of challenge
solutions and glove materials (Table 1). After placing 15 ml of
challenge solution into the challenge chamber, the initial 100-pl
samples were taken from both sides, and the tray set to shake at 8.42
0.04 cm/s at 30.0+= 0.5°C. Precooled{20°C) vials received the
100-pl samples from the collection side (Table 1). The initial and final
volumes of the challenge and collection sides were measured to assess
evaporation. The challenge headspaces were analyzed for hexane and
2-propanol as appropriate by deleting the GC/MS solvent delay. All
experiments were in triplicate.

The design of the permeation sampling time followed our previously
published protocol (Harville and Que Hee 1989; Lin and Que Hee
1998a). The initial testing was a 0-h and a 8-h screening test in
triplicate with samples taken in 1-h increments. The samples were then
analyzed in reverse time order. For kinetic permeation curves to be
defined at every 10 min as reported in the other publications of our
Fig. 1. ASTM type I-PTC 600 permeation cell permeation research group (Mikatavageal. 1984; Harville and Que
Hee 1989; Khart al. 1997; Lin and Que Hee 1998a, 1998b, 1998c; Lu
and Que Hee 1998), adf at lea$ 6 h was the cut-off to ensure enough
data points to define the steady state permeation period.

a Average measured thickness was 0:80.08 mm, n= 9
b Average measured thickness was 0:39.03 mm, n= 9
¢ Average measured thickness was 1408.06 mm, n= 9
d Average measured thickness was 0:868.03 mm, n= 9

Esterification of 2,4-D Dimethyl Amine Salt

A mass of 0.1211 g 2,4-D DMAS was dissolved in 25 ml of Milli-Q .
water to generate 4.84 mg/ml stock solution. 530 ul 10% (w/w) NaOHGC/MS Analysis
aqueous solution was added to a 0.1-ml aliquot of the 2,4-D DMAS
stock solution to ensure a pH 14. The aqueous alkaline solution was A 1-pl aliquot from the 100 pl of thawed collection solution was
then heated in the microwave oven at the lowest power level untiinjected for GC/MS analysis. The MS was operated in the total ion
bubbles first appeared (about 90-120 s for a solution temperature aurrent (TIC) mode to acquire mass spectra. The selected ion monitor-
about 80°C starting from room temperature). The solution was cooledng (SIM) mode was used at m/z 199 for the 2,4-D ME and at m/z 220
at room temperature. The pH of the solution was adjusted by HCI (530or 2,4-D BEE quantitations. The constant temperature zones were:
pl) to ensure a pH< 2. 2,4-D was extracted by diethyl ether (0.5 injector 250°C, transfer line 250°C, and ion source 250°C.
ml X 5) with vortexing for 1 min/extraction. The supernatants were For analysis of the permeation samples for Wee@dn&t and LV6,
collected in Kimax test tubes. Excess diethyl ether was then evaporatetie initial column temperature was 55°C for 2 min, then 25°C/min to
under a gentle stream of nitrogen. One milliliter MeOH and 0.5 ml 80°C and held there for 27 min, followed by 10°C/min to 100°C, and
BFM (0.2 g/ml) were added to the concentrated solution. The solutiorthen 30°C/min to the final temperature of 250°C until all peaks eluted.
was then heated in the microwave oven at its lowest power level foiThe solvent delay time was 3 min.
about 90-120 s and cooled. A 1-ml aliquot of Milli-Q water was added The permeation samples of the Weedar 64 formulation were
and vortexed for 3 min. Hexane (2 ml 5) was added and the solution analyzed as 2,4-D ME in hexane and neutral organics in hexane after
was vortexed for 1 min/extraction to extract 2,4-D ME. The combinedthe alkaline hydrolysis. 2,4-D ME was determined with the following
extracts were concentrated using nitrogen to fit into the linear dynami¢emperature program: initial column temperature of 60°C for 2 min,
range of 2,4-D ME. A 0.1-ml Milli-Q water reagent blank in triplicate ramped at 25°C/min to 250°C, and then held for 5 min. The program
was processed in parallel. for the nonpolar inert components was: initial column temperature of
To esterify the 2,4-D DMAS from Weedar 64 formulation, 20-ul 60°C for 2 min, ramped at 5°C/min to 250°C, and held for 10 min.
aliquots of the formulation were diluted to 25 ml by Milli-Q water. A Breakthrough times (} were obtained from samples taken at a time
volume of 0.1 ml of this aqueous solution was taken and an equathat yielded data with signal/noise (S/N) ratio of 2 for the specific m/z
volume of hexane was used to extract the neutral organics three timesn. External standards of 2,4-D ME and 2,4-D BEE in hexane were
each by vortexing for 1 min. The aqueous phase was then hydrolyzedsed in their defined linear dynamic ranges. The method detection
and esterified as described above. The same equal-volume-hexalmits of 2,4-D ME and 2,4-D BEE were 5 ng/ml (ppb) and 9 ng/ml
extraction for the neutral organics was also performed after the alkalingppb), respectively, in the collection solution.
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Results and Discussion Table 2. Summary of the permeation results of the systems
defined in Table 1

Esterification th, My
Formulations Glove Material (h)  (ng)

Five replicates for 2,4-D DMAS esterification showed 992 \weedone Brand LV4 (60.8% Sol-vex Nitrile  7-8 <60

3.7% recovery. There was no significant difference at §.05 2,4-D butoxyethyl ester)  Butyl >8 <60

relative to a reflux method of recovery 96:01.5% (Horneret Viton >8 <60

al. 1974). The sample processing time was only 20 min. Silver shield >8 <60

Szmigielska and Schoenau (1995) reported the esterificatio¥¥eedone Brand LV6 (83.5% Sol-vex Nitrile  >8 <60

of 1-ml aliquots of 2,4-D DMAS in a water bath heating step of ~2:4-D butoxyethyl ester)  Butyl >8 <60

15 min. 2,4-D DMAS was extracted by diethyl ether and \S{Ii}\c/)gr Shield ig igg

esterified overnight by 2-chloroethanol/B@lith recovery of Weedar Brand 64 (46.8%  Sol-vex Nitrle 7-8 62.0+ 6.3

98.5+ 4.8% for rat serum and 938 7.5% for rat brain tissue 2,4-D DMAS) Butyl 6-7 86 + 18

(Oliveira and Palermo-Neto 1995). The sensitivity was about Viton 7.8 51 +13

250 ng/ml for serum and 300 ng/g for brain tissue. Mierzwa and Silver Shield >8 <50

Witek (1977) reported the recovery of 2,4-D 2,2,2-trichloroetha - ——
nol ester formed after overnight reaction to be 92.13.4% Breakthrough at a trace level in one of the nitrile triplicates was
with detection limit of 96 ng/ml using GClelectron capture ?I?Ss:;’zsthbrit’vie;r:ea?: ﬁ ?S/"I:’;tg t?; ‘222{ :\é")‘? #Sctrfri;l;:i/\fe
detection (ECD). Rosebooet al. (1986) utilized 2,4-D esterifi- > g Yie) My

. . permeated mass of 2,4-D acid equivalent in ng for the active ingredient
cation by pentafluorobenzyl bromide (PFBBY), 2-naphthacyly g h;my is expressed as the arithmetic mearstandard deviation

bromide, and 4-bromomethyl-7-methoxycoumarin for 2,4-D\yhen permeation was observed, and detection limits are denoted as
esterification with recoveries of 91%, 99%, and 84%, respecquantities

tively. The esters were purified on a silica gel column after the
esterification to eliminate interferences. 2,4-D in sediments and
natural waters were also esterified by PFBBr by 3-h reaction
followed by silica gel column cleanup (Lee and Chau 1983; Leewithin 8 h for Weedones LV6 and LV4. One run of Weedone
et al. 1986). The recoveries were from 71% to 108% for LV4 through nitrile did show permeation between 7-8 h,
sediments and from 73% to 108% for natural waters. Thesuggestive of quality control variation for nitrile gloves. Silver
GC/ECD detection limits were 10 ug/kg and 1.0 pg/L, respecShield showed no permeation of Weedar 64 within 8 h, but
tively. Fuming sulfuric acid-ethanol (1:20, v/v) was utilized for butyl and nitrile showed respectivedf 6—7 h and 7-8 h.
2,4-D esterification with a detection limit of 20 ng/ml by  No previous data are available in the literature for the
GC/ECD (Siltanen and Mutanen 1985). The reagent had to bpermeation of 2,4-D BEE formulations. Two herbicide formula-
prepared daily. The limit of detection was 10 ng/ml by tions containing 2,4-D DMAS have been reported as “no
GC/ECD. 2,4-D in water samples was esterified by 2,2,2-permeation”when nitrile gloves were challenged for 16 h using
trifluoroethanol (TFE) at 70°C for 60 min with 858 3.2%  a less sensitive HPLC analytical technique (Moody and Ritter
recovery (Adolfsson-Erici and Renberg 1991). Lee al.  1990). However, the formulations differed from the one tested
(1995), who esterified 2,4-D by#80,/TFE at 60°C for 60 min, in the present study, though the glove types were the same.
reported 107.1+ 0.5% recovery and 50 ng/ml detection limit  The observation of no breakthrough in an 8-h test implies
by GC/MSD and GC/ECD. 2,4-D in acetone was also esterifiechotentially complete protection should workers have a continu-
by H;SQJTFE at 60°C for 120 min with 99.56-= 0.63%  ous 8-h shift, subject to work practices. This is so for all Silver
recovery (Honget al. 1996). All literature esterifications took Shield challenges, and also for the other three glove types when
longer than the technique of the present study, which also hadhallenged with the butoxyethyl ester formulations Weedone
acceptable sensitivity, but used commercially available reBrand LV4 and LV6. Workers usually change their gloves
agents. during the midshift or 2-h interval breaks without washing
Microwave heating potentially allows quick and efficient them. For the challenge to the 2,4-D DMAS formulation
processing of many microsamples. GC/MS with SIM elimi- Weedar Brand 64, Sol-vex nitrile, butyl, and Viton gloves could
nates background interferences should GC/ECD have interfebe redonnedta7 h in exposure time if little contact with the
ences. formulation has occurred, as determined by an industrial
Weedar 64 formulation contained an average 2,4-D acichygienist.
equivalent of 42.7 1.5 pg or 48.7+ 1.7% (w/w). Compared
with the nominal content of 46.8% (w/w), this was not
significantly different at p= 0.05. No neutral organic peaks of Acknowledgments. This work was supported by Grant RO1 OH02951
boiling point greater than hexane were detected by GC/MS afteffom the Natic_)nal Institute for Occupation_al Safety and Health of the
alkaline hydrolysis. However, the major inert component forfCenters for_Dlsease Cont_rol and Prevention and by the UCLA Center
this DMAS formulation should be water. or Occupational and Environmental Health.
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