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A R C  GRANT NC. DAHC-74- .G-0 1i9
A STUDY OF GAS SO LID REA CTIONS .A N D A I R  PO LLUTION DE TE CTCRS

A . STATEMENT OF PROBLEM

A basic research study will be made for specific adsorbents for the detection

of various air pollutants. The substance is placed as a coating on a piezoelectric

crystal  and the device is evaluated as a possible detector for the identification and

analysis of these compounds. The detector and each adsorbent will be evaluated

with respect to sensitivity, linearity of response . speed of response , accuracy of

• response , limits of detection, stability, reversithlity and selectivity of analysis.

B. RESU LTS

Research during the last 3 years of t 1~e ARO grant was performed in 8 rr ijnr

(I) SO
2
; (2) organop hosp horus compounds; (3) NH 3 and NOR ; (4)

n-1atic hydrocarbons; (5) H 2S; (6) }iCl; (7) CO; and (8) detection of gases in

solution. A total of 12 publications wil l  result from this .ARO -sponsored researc i ,

an average of 4 per year . A summary of this  work by area is as fol [ows~

(i) Assay  of SO2. A new desi gn for the coated piezoelectric crystal  ~~ tector

cell was made which is the most sensitive desi gn for the cel l  ever made . Tn-

ethano lamine and Quadrol were  the new substrates  used for the detection of SC .. .
r. [he new desi gn and the new coatings together make possible  t~ie selective detecti n

of SO2 even at pp b levels . (Publication 1).

Varying amount s of moisture in the air caused a problem in the determination

of SO2 in the air. The quadrol-coated piezoelectric crystal  responds to moisture

and therefore , the si gnals vary as the atmospheric  mois tu re  content varies. This

problem is partial ly solved by using hy drophobic membrane f i l ters . These f i l ters

reduce the moisture signa l appreciably. The si gnal for SO., is also reduced some-

what by the f i l te rs. Even then , S0
~ 

could be measured as low as 10 ppb. This /
work is reported in Publication 2. - - ,  . - -
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The sensitive detector cell described earl ier  is too sens itive for SO2 and the
detector response Levels off at the SO2 concentrations large r than 50 ppm. For
staek gas monitoring an insensitive cell desi gn was used (one inlet and one outlet).
Four layers of filter were used and atmospheric air  is used as car r ie r  gas.
Samples of SO2 in air were prepared and 5 ml of these  samp les were injected .
The linearit y of response is from 50 ppm to 700 ppm. SO2 in air which is usua l l ythe  range of stack gas concentrations of SO

~
. This detector uses quadrol  coating

and was tested in two oil refineries it. Louisiana . Various stacks were  shown to
have SO2 levels from 70 -300 ppm . A good comparison wit h a coni rnerc ia l  Bendix
Gastec detector was obtained .

A portable ins t rument  was built using a piezoe lectn ic  c rys ta l  detector  with a
quadro l coating. The power for the f r equency  meter , osci l la tor  and a smal l  air
circulat ion pump was obtained from a 12-volt car bat cry. The po rtable ins t rument
was tes ted in the  Univers i ty  parking Lot , samp les being taken d i rec t ly from car
exhausts  for inj ccl.;on into the detector . it was observed that  an old VW pro duces
about 1 -1/2  t imes more pol lution than an Opel f ixed  wit h an ~ir pol lu t ion C ontrol
dev ice . The SO2 concentrations in the exhaust are in the range of 30 -50 ppm.
About 3 feet away from the exhaust the reading showed onl y 8 ppm SO2. Observa-
tions with other cars is in progress . We hope to obtain a mixing device for
o~it aining known SO2 -air m ixture flow s for cal ibrat ion purposes . (Publicat ion 

~) .

(~~~~~~~~~~~~~osphorus  Compounds . A quartz  piezoe lectric crys ta l  coated
with the Co comp lex of 1BA (isonitri lo benzoy lacetone) has been used for the
detection of organophosp horu 8 pesticides via selective sorption. The crystal  is
incorporated in a mixer circuit to allow read -out “ - it.her an ammeter or a
recorder , and is sufficient ly sensitive to allow detection of organop hos phorus  com-
pounds at levels of a part per billion . This detector has a potential  for use both
as an air pollution sensor and a hi ghly selective gac c.~romatograp hy detector.
It is comp letely specific for orga nophosphorus compo unds . Fur thermore , the
detector  can be made comp letely specific for one organoph osp horu g  compound byusing that compound in a tert iary comp lex with Co and XBA .(Pub licatj on 4).
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L3) Detectors for  NH 3, NC
~~ 

and Organo Nitrogen Compounds. The ~~~~~ cel l

des ign described by us (Publication 1) was used for the detection of NO2 and NH3
.

Various coatings were tried for each gas. Out of the coatings tried , Ucon-75-H -

90 , 000 and Ucon -LB -300X (obtained from Analabs Inc. , Connecticut) proved to

be satisfactory coatings for NO 2 and NH 3. The above substrates were app lied t~

the surface of p iezoelectric crystals , and the crystals  were then exposed to NO 2
gas. lB spectr oscop ic study of these reactions iave revealed that the compound s

of the type R -0 -NO (covalent nit r ite) and B -NO (nit roso) are formed by the

react ion between the Ucons and NO 2. With these  coatings and with the new cell

design it has been possible to detect NH3 
and NO2 

as low as I ppb. Interferences

were minimal . (Publication 5).

A mmonia was detected using a coated piczoelectric quartz crystal. The

adsorption of ammonia on a crystal coated with an ethano l extract of Capiscum

Annuum Variety was linear with concentration from 10 to . 001 parts p million

(ppm ) of NH
3 
in air. Frequency changes ranged from 120 Hz for 10 ppm to

50 Hz for - 001 ppm when 10 ml samp les were injected. When silver nitrate was

added to the crystal surface , the frequency change s were increased to 75 Hz for

10 ppm and 15 Hz for . 001 ppm for I ml samples. The main active ingredient

in the Capisum Annuum extract is thoug ht to be ascorbic  acid. When pure

ascerbic acid was used as a crystal coating, frequenc y changes ranged from

160 Hz for 10 ppm to 60 Hz for  - 001 ppm for I ml samp les . Adding silver

nit r ate to the ascorbic acid su r face  gave frequency changes of 320 Hz for 10 ppm

and 70 Hz for . 001 ppm , I ml  samp les. Thus , the coating of ascorbic acid is

shown to be a sensit ive coating for  the  detection of ammonia over a wide range of

concentrations. These coatings were also shown to be active toward organic

amine s , such as t r i eth y lamine and buty tamine , wi th  f requency changes within the

same order of magnitude as those shown by ammonia . The mechanism of these

reactions is thought  to be p r imar i ly an acid -base r~~.ction. (Publication 6).

Recent ly, it was shown that  a crys ta l  coating of  chlorophyLl extracted fr om

sp inach leaves adsorbs relat ively Large quanti t ies ~ f ammonia and produces a very

sensitive ammonia detector . Frequency changes as high as 900 Hz for I ppm

~ 

~~~~
--

~~~~~~~
-- _~~~~_ _, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . IITI~~ -~ :~~~

-

~
— 

~:
— - -- --



DAHC -74-G-0119, ARO , FINA L REPORT

~~~ ~~~~~
-

NH 3 ~nd 1400 Hz for 10 ppm were  measured . However , the coa~ir. ’ -‘-as also very

sens itiv~ to atmosp heric humidity which caused measurements to be erratic and

caused an erratic recorde r baseline. Tbi3 problem l~as been corrected . Porpho-
n f l  compounds similar to chlorophy ll were investigated as possible gaseous pollu-

tant detectors. Hemin and hemog lobin showed litt le activL j  toward ‘mmonia ;

other  metal porp horins will  be investigated in the near fut ure . The pre l iminary

experiment s with chlorop hy ll suggest that the chlorop hy ll coated crystals  may not

show respons e to the large range shown by ascorbic acid but the slope of the cali-

brat ion curve is much greater and should provide a more accurate ammonia assay.

Ammonia detectors based on these  c rys ta l  coatings represent  a significant

technological  advance since previo us piezoelectric detectors r equired a dry nitro-

gen atmosphere and required activation by T”~~~ ; and for a detector to obtain an

optimum usefulness  it must be used under ambient conditior~~. The L -~rge range of

sensitivity s hown by the ascorbic acid -si lver n i t ra te  coated crys ta l  makes it

esp ecia l ly us e fu l  for remot e sensing and monitor ing.  The chlorop hy ll coated crys -

tal should prove to be quite usefu l  where accurat e concentra t ions  over a more

limited range are  necessary.  (Publicat ion 6).

(4) Detection of Aromat ic  Hydrocarbons.  Nujo l  wit h t r ans  -L C[(CC ) -

(PPh 3) 2 comp lex was used as a coating on the piezoetectr ic  crysta l detector for

the p re fe ren t i al  detect ion oi atornatic hydrocarbons in air in the presence of

ali phatic h ydrocarbons and other po llutants .  The effect of a tmospheric  mois tu re

is minimal , and interference f rom other gases and vapors is small. This detector

was also used to monitor auto exhausts  for  aromatic hydrocarbons . A pape r on

this work has been accepted by Environmental  Letters. (Publicat ion 7).

The investigation of coatings which uti l ize a latex coating for the  detection

of aromatic h ydrocarbons in a static environment has  ~~~~ ~inued. Cal ibrat ion

curves of concentration vs. frequency are linear in t l~c ra ige 10 - 200 ppm for
various aromatic hydrocarbons.  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(5) A s s a y  of H 2S. The search for  an inorganic c rys ta l  coat ing for the

detection of H 25 has continued and none has been found which is super ior  to the

Ni( }.DTP) comp lex previous ly r eported . This coatinC is quite scn.,itive to H 25,

but result s are at present not reproducible . This i r reproduc ib i l i ty is bel ieved to

resul t , at least in part , f rom the  adsorpt ion of a tmospher ic  mois tu re . Work  w i L l

cDntinue to control this variation.

Fluorescein mercur ic  acetat e which is reported to react fast with H2S in

so l tion did not show much activit y for  H 2S when used as a coating on the c rys tai .

was observed to g ive i r revers ib le  adsorp tion on most of the  co~ t ings  t r ied

and there fore , these  coating s were of l i t t le  use .

P new coating was deveLoped for H 25, a carbon re s idue  obtained by burning

of chloroform in air. The res idue contains 3-4 compound s wh ich  can be seen as

ye l low , brown , gray and bLack spots on a th in  layer silica gel separation . We

!iave observed that out of these compounds the black r es idue  (which  is insoluble  i -
•

common solvents) is the active subs t ra te . Chloroform is burned on a spat u la in

air and the black residue formed on it is app lied on the su r face  of the  crys ta l :

this carbon coating has shown a very  good response for  H 2S. The l inearit y of

response is observed from 1 ppm to 100 ppm. Ptmosp h u ic m o i s t u re  has ~o

efiect  on th is  c ry s t a l  coating.

Comp lete reversibil i ty can be achieved by r emoving the c rys ta l  f rom the ceL l

and blowing hot air on the surface . The chemical  na ture  of the  carbon black and

the nature of the react ion with H 25 was studied.  Carbon blacks o br t i n e d  f rom

burning of other organic compounds such as benzene , CC l4~ ace tone , etc . , do

not show sensitivity for I-IRS. The carbon black obtained f rom ch lo ro fo rm burning

appears to be a promising subst ra te  for H2S. Crystals  coated with the  acetore

extract s showed a linear response to H 2S in th ~ncen1 ration range I to 100

ppm. However , the response becomes s low •.~~ concentrat ion is increased limit~’.g

the uppe r l imit  of u se fu lnes s  to about 60 ppm. The Department of Labor ’s

Oc~ upation Safety and Healt h ~~dminis t ra t i,n  lists 2.) ppm as the acceptable ce~~~ig

L - ___________
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concentrat ion of H2S, t h u s  these  c rys ta l  coatings measure  wi th in  the range of
in teres t . The acetone extracts  of the chloroform soot produced a frequency
change of about 30 Hz for a concentrat ion of 10 ppm H 2E , wh i l e  the acetone ex-

t rac t  of chLorobenzoic acid , produced about 135 Hz for that  concentration . Thus ,

the  chlorobenzoic acid extract is the better coating. 1 xper iments  are present ly
underway to charac ter ize  the active ingredient s and o the r  soots are  being preparec
ao that the response t ime  and f requency  changes  can be op timized . The experi-

ment s repo rted above were carr ied out us ing a c rys ta l  wi th  s i lver  electrodes .
Coated c rys ta l s  using gold electrodes did not respond to H

2
5; crys ta ls  wit h

nicke l p lated gold eLect rodes  did respond but at a much  lower level than  si lver
e lec tr odes . (Publication 8).

H2S is a dangerous gas which  has presented a safety problem to a numbe r of
Am e rican industr ies .  This is especially t rue  since H 2~ at a dangerous level is
not noticed by workers and levels can increase suddenly. This common ly occurs

in closed working areas and mine shafts. ‘Thus, the development of a piezoelec-
tric H2

S detection device represent s an impo rtant impact  on indus t r ia l  and mining
safety. Ixisting H

2
E detection systems are usually not portable while a piezo-

el’~ctric detecting system can be developed which is portable and even small eno.~g~i

to carry in the workers ’ pocket.

Severa l new inorganic and organic compound s used as coating materia ls were

investigated and were found to be active toward hydrogen sulfide~ i ,2-naptho -

quinone -4 -sulfonic acid , thiosernicarbazide , I -nitroso -2 -naphtho L CdCL 2,
T~b(P c) 2 

. 3H2O , P gOA c (in n -bu ty lamine) and methanolamine . Two promising
coating mate r i aLs  have been found which  are  able to detect H 25 in the ppm range;

si lver  acetate and t r i e thano lamine. The fr equency changes ranged f rom 300 Hz
for 10 ppm to 55 Hz for 0. 01 ppm , when s i lver  acetate  was used as the coating
mater ia l. No in te r fe rence  was observed f rom NH 3, NO2, SO2, CO moisture
and organic vapors .

(6) Detector for  HC I .  Hydrogen chlor ide  gas is a noxious byproduct of many
indus t r ia l  processes.  In order to monitor the gas content the atmosp here , a
sensitiv e h ydrogen ch lo r ide  monitor is needed .
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The detection of hydrogen ch lor ide  has been accomp Lished  by the use of a
piezoelectric crys ta l  coated with  d i f fe ren t  t e r t i a r y  amines.  P success fu l technique

for p lacing these amines on the surface  of a p iezoelectr ic  quar tz  crysta l is to
vapor deposit the amines  on the  c rys t a l  sur face  in a th ree  -neck fl a sk  using vacuum
and heating. The amount of amine s deposited can be monitored during this process

and reproducible coatings are  possible .

The adsorption of hydrogen ch lo r ide  on a c ry s t a l  coated with t r i pheny lamine

was linear f rom 0. 1 - 100 ppm concentrat ion range in air .

The mechanism of this  detection is believed to be the binding of the Lone nitro-
gen electron pair of the amine compound to the  ex t remel y po lar h ydrogen chlor ide
at each sit e according to the next reaction

(Ph) 3N + I -I CL 
.
~~~ (Ph) 3NH + C L ~

Cther  amine s were  investigated for  detection of hy drogen chloride in the ppm
range . Among  these the most sensitive was the t r ime thy lamine . H C L .

The detection of hydrogen chloride has been accomp lished by the use of a
crys ta l  coated with different  te r t ia ry  arnines .  The adsorption of hydrogen chlor ide

on a c rys ta l  coated with t r imethy lamine - hydrogen chlor ide  was linear in the

0. 001 - 100 ppm range in air.  At 100 ppm the frequency change was about
470 Hz and at 0.001 ppm , it was about 120 Hz , respectively. Atmospher ic  humi-
dity, CO , SO2, H2S, TMA and NO 2 gave a ve ry  smalL  respons e at 1000 ppm; no

interferences were obtained . Ammonia at 100 ppm showed a strong i r r eve r s ib le

reaction . Other  organic compounds were  investi gated for detection of hydrogen
chlor ide-  galactosarn ine . HC L , h ydroxy lamine . H C [ , cadaver ine . HCI .
L-ornith ine HCI , semicarbazide  . HCI , etc . P mong these , the most sensit ive

was the L-ornithine . HCl ;  at 100 ppm the f requency change was about 550 Hz and

at 0. 001 ppm it was about 2 10 Hz , respect ively. Work wi l l  continue to investi gate
the reproducibil i ty . (°ubLication 9).

-- - -
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(7) Detection of Carbon Monoxide. The search for  a specific coath ~ for
the  detection of carbon monoxide has continued . Mar: d i f ferent  inorganic and
organic compounds were investigated with Litt le or no success . P mon~ t h ese we r e

n -buty lamine -si lver acetate; t ’~t rameth y lene pentamine;  su lfamy tbenzoic acid;
eth y lenediamine -cupr icsu l fat e ;  quadrol  -ethy lenediani ine : LaCrO 3

; anhy drone
[Mg(C 104) 2 ]; glycine-ethy l -es te r  . H C L  act ivated by NO 2.

Many new compounds were  invest i gated at d i f f e r en t  exp er imenta l  condit ions;
experiments  w e r e  pe r fo rmed  not onl y at room t e m p e r a t u r e , but also at hi gher
t empera tu re s  (40 - 60° C). Bi s(ch lorodicarbony [) rhod ium , hemog lobin (human

~nd beef) , h emin  (beef)  cyt ochrome (C (equ ine h e a r t )  and h i s tamine  were investi  -

~~~~~ Some of these mater ia ls  may provide a viable  carbon monoxide detector ,
hut f u r t h e r  exper iment s are necessary  to find the most sensi t ive coat ing mater ia l .

P promis ing group of coatings has been found which  wi l l  detect low levels  of
CO; th i s  is a group of sugar  alcohols  and s ugars .  The best coating has been pro-
vid ed by the  s ugar aLcohol , mann itol  which  gav e fr equency change s of 70 Hz for
10 ppm CO and 134 Hz for 100 ppm CO. However , th is  act ivi ty was achieved
only af ter  activation by nitrogen dioxides which  the  coat ing also quant i ta t ivel y
adsorbs . The linear concentration range for  NC 2 adsorpt io n and f requency
changes was 120 Hz for  I ppm to 210 Hz for  6 ppm.  F u r t h e r  exper imenta t ion is
necessary  to determine  if a method for detect ion for CO can be developed .

This quantitation detection of low levels  of CO by NC .. ac t iva t ed mann i to l

r ep resen t s  a considerable technological  advance . A large number  of potential  CO
active coatings hav e been investigated in the past , wi th  l i t t le  or no success . So ,
even thoug h the mannitol coating may not provide a viabLe CO detector , it s hows
that the detection of CO by a coated p iezLe Lectr ic  c ry s t a l  i. ~ossib[e  and that th i s
line of r e sea rch  may prove product ive . Compact ~~~~~~ det ecto r s , which  can be
prov ided by piezoelectr ic  crys tals , are  of great need in indus t ry  and whe reve r
incomp lete combust ion is poss ible , since the tas te less , odo r~- s s  CO gas repr~...~cnt
a major hazard.
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(8) Detection of Gases in P queou s  ~- o J u t i o n .  R e s e a r c h  has been expanded to

inc lude dete ction of gases in a water  solut ion us ing  c. -~~ted p iezoe~cc t r i c  c r y s ta l

dev ices. Ammonia and H 2E gases in water  have been detected . Th is  detect ion

w as accom p lished by the  isolat ion of th e  c r y s t a l  f rom th e  solut ion us ing  a mem-

brane which  was permeable  to gases but onl y spar ing ly p e rmeab le  to water .  By

i !Ijecting ammonia int o a solution wi th  which th e  m e m b r a n e  had contact , co ncentra-

tions f r o m  3 x ~~~~ to 3 x t 0~~ moles p er  L i t e r  total  ammonia  were  d c t e c t ~..d b y

f requency  d i f f e rences  f rom 150 -800 Hz with  reasonable  l inea r i ty .  For H 25, gas

concentra t ions  f rom 2. 25 x 10~~ to 2. 25 x moles per l i ter  of water w e r e

m e a s u r ed by f requency  d i f f e rences  f r o m  50 - 1500 Hz , a l so  wit h r easonable

l f . ’earit y. P iezoe lec tr i c  devices a re  poten t ia l l y more  s e nsi t i ve  tha n t h e mo r e

ac~~’. pted ana ly t ica l  dev ices . These  p r e l i m i n a r y  exper iment s show that  p ie zo-

c!ec t r i c  devices  can be used to detect  gases in solut ion . ( Pub l i c at i on  10).

(9 ) Review P r t i c l cs .  Two review s on app l icat ions of th e  p iezo eLc ctric c ry s  -

ta l  detector  in ana lyt i c a l  che m ist ry have been pub l i shed .  ( P ub l i c~t t ion s  11 and 12).
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