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Determination of Sulfur Compounds in Automotive Exhaust

Foreword—Automotive engines, depending upon the amount of sulfur in the fuel burned, emit yanjing quantities of
sulfur compoundls in the exhaust. Catalytic converters, which oxidize carbon monoxide .and hydrocarbons also
may alter the prgportion of the various forms of sulfur emitted. This SAE Information Report’desclibes equipment,
procedures, and the measurement of normal sulfur compounds in automotive exhausts; and prg¢sents analytical
methods related to this activity along with some comments on their suitability. The information ¢ontained in this
document does|not represent current testing techniques and equipment. It i3 ‘being retaineq because of its
historical value.

1. Scope—This SAE Information Report deals exclusively with the/determination of sulfuf compounds in
automotive |exhaust. Engine operating cycles and interpretation’ of results are not covered. Methods
described in detail are those that have been or are being used. by various laboratories. Nong are specifically
recommendpd as superior to others. Since intensive measurement of automotive sulfur compounds is a
relatively ngw activity, methods and practices have changed rapidly. Some methods are mgre experimental
than others pnd are so noted in the test.

1.1 Environmental Protection Agency Action—EPA<has issued a detailed recommended practice on the
determinatidn of sulfates in automotive exhaust. "Copies can be obtained by writing the Dirgctor, Emissions
Control Tech., Environmental Protection Ageney, 2565 Plymouth Rd., Ann Arbor, Ml 48105.
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3.2
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E. S. Lisle and J. D. Sensenbaugh, “The Determination of Sulfur Trioxide' and Acid Dgew Point in Flue
Gasps.” Combustion 36, 12 (1965).

M. Mikkor, et al., “Effect of Hydrocarbons, Carbon Monoxide and Oxygen on Sulfuric Acig Emissions from
an Automotive Catalyst.” Paper No. 43, Symposium on Autor Emission Catalysts, Diy. of Colloid and
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“Method| 8—Determination of Sulfuric Acid Mist’and Sulfur Dioxide Emissions from Statjonary Sources.”
Fedgral Register, Vol. 36. No. 247, December 23, 1971, pp. 24893—-24895.

Definitions

Aerosol— A|finely divided, noncondensable liquid and/or solid dispersed in a gas.

Dilution Tulpe (Or Tunnel)—One' of several types of ducts used to dynamically mix engipe exhaust with
dilution air in a stationary test'set-up. Conditioned air, supplied by a blower, is mixed with engine exhaust at a
mixing orificg in the upstream end of the tube while sampling takes place at a downstream location.
Goksoyr-Ross—Aseontrolled condensation coil named for its co-inventors. Fluid with condensable material is
passed throligh.a‘Ceil surrounded by a flowing, controlled-temperature liquid. Condensate trapped within the
coil is recov«fred for analysis.

Impinger (Bubbler)—A type of trap in which the sample stream impinges against a cool wall and then must

flow through

a liquid which retains the species of interest.

Isokinetic Sampling—Withdrawing a sample stream at the same velocity as the parent stream. This method
is used to obtain a representative sample when particulate matter is of interest.

Mass Median Equivalent Diameter—The calculated diameter of a sphere of unit density which represents

the midpoint

Mixing Orifice—An orifice, usually sharp-edge, located near the upstream end of a dilution tube.
exhaust discharges near the center while dilution air flows through the remaining area.

downstream

particle obtained when the total particulate mass is divided into two equal parts.

from the orifice merges the two into well-mixed, air-diluted, exhaust gas stream.

Engine
Turbulence
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3.8

3.9

3.10

4.1

4.1.1

4.1.2

4.2

42.1

4.2.2

Particulate Matter—Any dispersed solid or liquid in which the individual aggregates are larger than 0.001 nm

in diameter,

excluding uncombined water.

Probe—The section of a sample line which is farthest upstream and thus is the first to encounter the material
to be sampled. Typically, it is the part of the sample line physically located within the stream being examined.

Sulfates—S

ulfuric acid or one of its salts.

Brief Introduction to Sampling Systems in Use

Undiluted Exhaust System—This technique involves extracting a small portion of the raw (undiluted) exhaust

ed and held for

stream and
analysis.

CONTROLL
above 200
and held i
the coil

simultane
the bubblg
a gas met

BUBBLER/
stationary

Ha-a--theaaa 1 o PETRTI-NC W NE ST ¥~ e ralaot o PaReReRt rotroas
pasStigc amroagr eonmttnor tgurprertywhtTe—Soro T cratCtC orpontisarcaap

ED-CONDENSATION COLLECTION (GOKSOYR-R0Oss)—The probe and sample’ line
°C followed by the G-R condensation coil maintained at about 60 °C." Sulfuric a

Sulfur dioxiden)is’ also commq
usly by connecting the exit of the G-R coil to a bubbler containing 3% H,0,. S
r to H,SO,4, which is subsequently analyzed by the same method. Sample volumg
18

PINGER CoLLECTION (MobDIFIED METHOD 8)—The method was developed to dete
stack gas (Method 8). One type is made up of @yprobe and heated sample line

are maintained
id is condensed

N the coil whereas sulfur dioxide passes through. After collection, the sulfuric acigl is washed from
Ind analyzed by one of several methods.

nly determined
D, is oxidized in
is measured by

rmine H,SO,4 in
followed by two

bubblers in an ice bath. The first bubbler contains an isopropyl alcohol (IPA)/water solution t@ trap H,SO,4 but

not SO, \
to H2$O4.
period, theg

A second
containing
with the f
assumed

sulfate.

Dynamic Di
emptied into
volume blow
the mixture

to form an aeraosolbut to prevent condensation of water.

mixture whid

Vhereas the second bubbler contains a hydregen peroxide/water solution to trap
Following the bubblers is a dry ice trap,.sample pump, and gas meter. At the eng
material from each bubbler is analyzed-for sulfate.

type consists of a probe followed-by a series of several midget impingers, in a
a solution of isopropyl alcohol (lPA) and water. Sample gas is pulled through the
ow rate measured by a suitable flow meter. Sulfur compounds trapped in th
0 be sulfur trioxide or_sulfate. Analysis of the impinger solution is by any me

ution Systemq(Ditution Tube)—In this technique the total exhaust gas streg
a duct thatalso has a continuous supply of fresh, treated air. Flow is maintaineg

sampled-downstream. The purpose of air dilution is to cool the exhaust to conde

50, by oxidation
of the sampling

N ice bath, each
train by a pump
E impingers are
hod specific for

m is constantly
d by a constant-

er at one@nd of the duct. Exhaust and fresh air are mixed near the upstream end of the duct and

hse sulfuric acid

In cyclic operation, the dilution

tube provides a

hawhen sampled at a uniform rate will yield a sample proportional to tailpipe outptrt.

FILTER CoLLECTION—Used for sample collection from diluted exhaust streams. The system employs a probe

followed by one or more disc-type filters.

deposited

CONTROLL
similar to

downstream location in the duct.

on the filter element are analyzed by one of several methods.

ED CONDENSATION COLLECTION (GOKsoYR-RoOss)—Equipment and
those used for collection of undiluted exhaust samples (4.1.1).

techniques
The probe

maintained above 200 °C.

Flow is maintained by a sample pump. Sulfur compounds

are generally
is inserted at a

The entire sample probe and line to the inlet of the G-R coil must be

4.3 Static Dilution System (Dilution Chamber)—Partially diluted engine exhaust is directed into a large plastic
chamber. Air in the chamber serves to dilute the exhaust further, cool it, and prevent condensation of sulfur-
related compounds. Samples are withdrawn through special ports in the chamber wall.
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4.3.1 FILTER CoLLECTION—Filter collection systems used with static dilution chambers are similar to those
employed with dynamic dilution. A measured volume of diluted sample is drawn through a disc-type filter
element where the sulfate is trapped. Material held on the filter element is extracted and usually analyzed for
sulfate by a barium iodate, spectrophotometric method. Other methods of analysis could be used.

4.3.2 BUBBLER/IMPINGER COLLECTION (MobDIFIED METHOD 8)—This system is essentially the same as that de-
scribed in 4.1.1 for undiluted exhaust sampling.

5. Detailed Description of Systems in Use

5.1 Exhaust Handling Methods—There are three general methods of handling vehicle exhaust gas and

1 t x P | 1 CIP=NN = hic o wbhad 1o Adotoll to tlhh o £foll o o oo ool
prepal’lng | O SarTpPTC  CUNC T UUTT. CACIT TS UCSUTToTU T T OC AT T e TOUmO Wiy paragrapiTs:y

5.1.1 UnNpiLuTEd EXHAUST—The simplest method that has been used. A probe leading to the,collection system is
inserted into the vehicle exhaust pipe where it picks up a sample of raw undiluted gas/ Quartz and stainless
steel havelbeen used as probe materials. A typical stainless steel design uses 6.35 mm OD|tubing closed at
one end with several 3.2 mm holes drilled around the circumference (Figure 1)."\Probes are|inserted into the
exhaust p|pe at a location where the gas temperature is high enough tocpreclude conderfsation. Sample
lines leading from the probe usually are heated to about 200 °C to, prevent condensatipn ahead of the
collection gpparatus.

— 38 mm
&~ 3.2mm Dia.
® & O
— TN Ve
—> 6.4mm \' 6.4 mm O.D.
Typ:
300 Series
S.S. Tube
lf—— 127 mm = —
Typ.
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5.1.2 DILUTED EXHAUST

51.2.1

51211

Dynamically Diluted Exhaust—A common method of handling the exhaust of a vehicle operated in any
cycle (for example, the S-7 Sulfate Cycle) in such a manner as to provide for the taking of a representative
sample for analysis, is often designated the Constant Volume Sampling (CVS) system. In the CVS system
all of the vehicle exhaust is mixed with an excess of relatively cooler air in the dynamic flow system, and
the total flow of diluted exhaust pumped at a constant rate. A sample withdrawn at a uniform rate for the
entire test cycle will be representative of the total emission from the vehicle in the cycle. Such a CVS
system is utilized in the Federal Test Procedure (Ref. Federal Register). The method is also applicable to
the determination of fine particulate matter, including sulfuric acid mist, in vehicle exhaust. However, with
sulfuric acid mist, the diluted exhaust must be cool enough to avoid loss of acid as vapor and dry enough to

avoid lo

Exhaust|
tailpipe

for sulfu
critical.

accomp
sufficien|
injection
the com

3 £ HPS 5w aaaen on-of wiatar ol
S UT acTU 0y CUTNMOCTTISaAtUIT OT A VWatTT PTTAS T

from the car is conducted, via an extension of the tailpipe, into the dynamijc dil
bxtension is preferably short and of low mass so as to heat quickly and thusaot ac

Tubes of 95 mm to 584 mm diameter are in use. Mixing of exhaust with diluti
ished without directing the exhaust against any surface. The length’ of the dilutio
t to provide complete mixing of exhaust and air. It is common for the distan

bleteness of mixing should be verified by experiment.

Systefn A—(Figure 2) This dynamic dilution system is designed to collect sulfates and

mater
Proce
with C

al at essentially constant temperature during.driving cycles such as the 19]

VS of auto exhaust. Compatibility is obtaineéd*because the collection system requ

portion of the diluted exhaust: the major portion of the sample is available to the

measy

rement of gaseous emissions.

ution tube. The
as a condenser

ic acid once the vehicle exhaust system is hot. The diameter of the dilution tube gppears not to be

bn air should be
 tube should be
ce from exhaust

to sampling point to be a minimum of eight times the diameter of the dilution tupe. In any case,

pther particulate
5 Federal Test

jure, and during moderate speed conditions. (t,is capable of frequent operation ahd is compatible

ires only a small
CVS system for
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AlIR COOLED INJECTOR HOUSING
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FIGURE 2—DYNAMIC DIKUTION SYSTEM A
The slystem uses a relatively small tunnel @hich means that low dilution ratios arg

gaseo

dilutio
of the

INTAKE
DILUENT AIR

u
i

DEHUMIDIFIER

N ratios are desirable from the standpoint of CVS gaseous emission measuremen
proportional sample of particulate matter at constant temperature near 32 °Q

streanp having a high dew point;without causing condensation of water, requires

tempe

Linea

rature control system.

velocities are higher in smaller tunnels. An analysis of turbulent diffusion losses i

large funnels has shown.the following:

For
han
The
part

In p

10 mm particles, the turbulent diffusion loss would be about 20%, whereas, larg
Hle particles up to 300 nm without internal turbulent diffusion losses.
longér’residence times in the larger tunnels result in much greater settling losse
clesy

Lactica thasa thwao affacts compansata aach othar co that ilanarina antrv laossas
aGtt —tHeSEe—t H tS HHoed aGH—-OHtHe+ tHet—g ORG-SRt — T

Us emission such as CO, hydrocarbons, NOy, and SO, to be measured accur3

used, allowing
itely. While low
ts, the collection
from a sample
a humidity and

h both small and

er tunnels could

5 of dense large

dilution tunnels have an effective cut-off particle diameter of about 10 nm.

small and large

Since the H,SO, aerosol size is well below 1 nm, acid aerosol losses in both tunnel types should be
equivalent and negligible. This has been substantiated by experiment in which it was shown that sulfate
aerosol losses in either tunnel system were about 1%. Therefore, both size tunnels are effective aerosol

sampl

ers.
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Diluent Air Preparation—This subsystem consists of a dehumidifier filter, coupled mixing baffles, a
cooling system, and mixing turbulators.

The dehumidifier shown schematically in Figure 3 minimizes the possibility of condensation occurring
in the system during a run, and is an integral part of the temperature control system. Diluent air is
dried by passage through a filter and a slowly rotating desiccant wheel containing laminated flat and
corrugated asbestos, impregnated with a regenerable desiccant, LICl. Dehumidification of diluent air
and desiccant reactivation are concurrent processes, so that dehumidification can be carried out on a
continuous basis.

REACTIVATION AIR WET AIR OUTLET
INLET FILTER
T REACTIVATION ~r
Pz FAN
TO FILTER
BOX DESICCANT
DR
4 VAR ReacTivaTiON WHEEL
AIR HEATER 7/ ;f% 1
R un
i H »J
% )
; (g *s |
s
SO
DRY AIR FAN \\% 'lQ. HUMID AIR
> FILTER

FIGURE 3—DEHUMIDIFIER, SYSTEM A

Dehumidified inlet air passes from the dehumidifier to a filter box containing a papdgr filter, a bed of
actiyated charcoal, and a second papenfilter. This assembly can be the standard filter box assembly
for @ CVS unit. The filter assembly femoves the particulate matter present in thg diluent air and
redyces and stabilizes the backgreund hydrocarbon content of the diluent air. Becayse regeneration
of the desiccant is accomplished by heating, the dehumidified air emerging from th¢ drum is above
amiient temperature. A precooler situated between the dehumidifier and the CV$ filter cools the
dehyimidified airstream gdewn to ambient temperature to remove the additional cooling Joad imposed by
the glehumidification step”from the final cooling system. The precooler consists of several rows of coils
thropgh which chilléd city water is passed.

The|coupled, mixing baffles continuously divide the dehumidified, filtered air into two|portions, one of
whigh passesthrough the cooling system, and the second of which bypasses the coollng system. The
positiontef*the mixing baffles is controlled by a rapid response, deviation-type controller operating on
an impub signal from a thermocouple in the filter housing.

The controller operates by comparing an input signal from a thermocouple in the filter housing with a
set point signal, and takes corrective action to either raise or lower the output signal until the set point
and thermocouple input are equal. The output signal from the controller is fed to an electropneumatic
transducer which in turn activates a pneumatic controller which operates the coupled baffles. The
cooling system is an air cooled condensing evaporator. Maximum flow through the diluent air
preparation system is determined by the cooling capacity of the chiller, and the desired sampling
temperature. The mixing turbulators insure that chilled air is thoroughly mixed with the portion of air
bypassing the cooling system before the stream is used to dilute the vehicle exhaust. The turbulators
consist of six semicircular perforated plates attached to a 12.7 mm diameter thickwall tube at their
centers, arranged in a helical series sequence along the tunnel axis. This arrangement allows both
longitudinal and latitudinal mixing.
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51.2.1.1.2

5.1.2.1.1.3

512114

5.1.2.1.1.5

Dilution Tube—Exhaust and diluent air are mixed and a uniform velocity profile is developed in the flow
development tunnel. The flow development tunnel is a 2.29 m (7.5 ft) long section of a nominal 102
mm (4 in) diameter Schedule 5 stainless steel pipe (109 mm actual diameter). Neither the length nor
the diameter of the flow development tunnel have been optimized, but a dilution tunnel of these
dimensions is satisfactory. The probe is located at the end of the tunnel, ahead of the connection
leading to the CVS unit.

An important factor in choosing the diameter of the flow development tunnel is its effect on the length
of the tunnel and the diameter of the probes. As a general rule, eight to ten pipe diameters are usually
sufficient to develop a fully turbulent velocity profile. The larger the diameter, the longer the tunnel

required and the longer the residence time in the flow development section.

Longer residence time may lead to higher particulate settling which may cauy
megsurements. Therefore, the tunnel diameter should be minimized. Howeyver, as
decieases, the pressure drop through the tunnel increases and the size of\the prq
isok|netic sampling decreases. The problems caused by high pressure droep are o
dianmeter probes should be avoided since they provide higher surface {0, volume rat
morg loss of particulate by impaction. The 109 mm diameter pip€e in use offe
compromise between these various factors.

Exhgaust Injection System—Raw exhaust is mixed with the diluent air normally used in

e errors in the
tunnel diameter
bes needed for
bvious. Smaller
os and result in
S a reasonable

the CVS in such

a way as to completely mix the two in as short a time interval as possible. This is §

ccomplished by

injegting the exhaust in a direction countercurrent to the“diluent airstream. Experimgnts have shown

this
samiple stream. Figure 4 shows a schematic of thesexhaust injector in the countercur

Dilution Tube Losses—Particulate depositions in the flow development section i
intrdducing an artificially produced monodisperse (3.5 nm diameter) methylene blue
exhaust injector in the same manner as_for auto exhaust. The system is disassembl
the Jtube surface washed with methanol, and the washing analyzed spectrophoto
sengitivity of the method for methylene blue is in ppb range. Analysis has shown tha
smalll, amounting to less than(1% of the total aerosol introduced. No dye was dete
sectjon housing the exhaust injector. About 0.1% of the aerosol was deposited in the

and|about 0.3% was deposited in the tube section housing the probes. Tests with

dim¢nsions have confirmed the results regarding sampling losses.

Ten|perature Capabilities and Effects—A typical installation of System A had a 9.8 kW
and|a total flow,rate of 12.8 m3/min. Under these conditions a temperature betweg
usuglly was-maintained at the sample collection point throughout a 1975 FTP cycle]
equipped'car. If temperature at the collection point is not to exceed 32 °C, it may be 1

to be the most efficient way of obtaining a rapidly mixed, uniformly distributed| diluted exhaust

ent position.

5 measured by
aerosol into the
ed after the run,
metrically. The
tube losses are
cted in the tube
fube midsection,
A tube of similar

cooling capacity
n 32 and 38 °C
with a catalyst-
ecessary to add
his cooler also is

a finned:tube cooler (Figure 5) between the exhaust pipe and the exhaust ejector. T
usefot—T i i ot i .
particulate matter can also be collected at set temperatures above 32 °C.
tube cooler may not be needed.

In these ¢

| other exhaust
ases the finned-
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TRICLOVER
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RAW EXHAUST

109 mm S.S. FLOW
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COUNTERCURRENT
INJECTOR

FIGURE 4—EXHAUST INJECTOR SYSTEM A

Air Outlet

) |

4
|<—-————— 2m —l
TR AR RN RN -
Raw Exhaust Injector
» 81 mm1.D. - »

109 WI},THIIFIHHII

/ W

Air Inlet

Cooling Fins

FIGURE 5—FINNED-TUBE COOLER

The| set=point temperature is essentially determined by the fraction of the dehumigdified air that is
cooled)'If collection at a higher temperature is desired, the fraction of dehumidified air that goes
through the heat exchanger is decreased. This fraction is determined by the set-point temperature and
the actual instantaneous temperature of the exhaust-dilution air mixture in the filter housing. Thus a
range of particulate collection temperatures is possible, the lower limit being the dew point of the air
exhaust mixture at the lowest dilution ratios, and the upper limit the minimum amount of cooled-
dehumidified air required to prevent temperature increases at low dilution ratios.
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5.1.2.1.2

512121

5.1.2.1.2.2

The dehumidifier is a key component of the temperature control system, particularly since the exhaust
handling system is one in which the air/exhaust dilution ratios are low. This means that the relative
humidity of the diluent air is a key parameter. For example, during the rapid acceleration portion of the
FTP, the exhaust volume flow rate from a vehicle equipped with a 5.7 L V-8 engine may be as high as
3.4 m3/min. Thus, with a 12.8 m3/min flow limit, the dilution ratio would drop below 3 in the sampling
tunnel. If the relative humidity of the diluent air were high, attempts to control the collection
temperature to a level of 32 °C would result in condensation of water vapor, with the associated loss of
particulate matter.

If the relative humidity of the diluent air is low, for example, below 50%, it should be possible to
maintain a 32 °C collection temperature without condensation occurring. In the absence of the
dehpmigifferer-homit-daysthe-dewpointofthe-mbdore-wottd-exeeed32-2Cat-diution ratios as high
as fopur, so that co on would invariably occur during the acceleration portiong on FTP driving
cycle.

Attempts to control collection temperatures by omitting the dehumidification step [and chilling the
dilugnt air would be difficult to accomplish since water condensing on théeyceils would|feed back latent
hea{, decreasing the efficiency of the cooler. Continued running“would probalJly result in the
con@lensed water freezing on the heat-exchangers, rendering them inoperative. The collection of
sulfyric acid aerosol should be independent of temperature as-leng as the collectioph temperature is
belogw sulfuric acid dew point. Thus, if the collection temperature does not exceed aljout 90 °C, all of
the qcid exists as aerosol. Although the dilution tube residence time is small (0.1 s),|the formation of
aerqsol droplets is virtually instantaneous.

Systefn B—(Figure 6) This system uses a relatively farge dilution tube and also can be

Ised to examine

particylates other than sulfates. The exhaust handling system includes a dilution air filter, a clear

polyadrylate dilution tube, and a blower to induce flow. Exhaust gas is introduced into th
near the dilution air filter and diluted samplesiare collected downstream near the blower

Dilution Air Preparation—Before mixing with automobile exhaust, the dilution air is f

e tube upstream

Itered through a

610[x 610 x 292 mm pleated filter of-approximately 23 m?, rated 95% efficient for 0.3
DOPR test and 99% efficient by(a;NBS color test. A pressure drop less than 12 mm (
the flow of dilution air used, is desirable.

Dilution Tube—The dilution tube portion of the system is built in sections and h
diameters. The first group of sections, near the entrance, is 2.3 m long and 216 mm i
second group is~3:6*'m long and 333 mm in diameter. The sections are joined with
except for thesshiort entrance and transition sections, is fabricated of clear polyacrylat
wall[thickness.” The overall length of the exhaust handling system is approximatel
dilution air{filter and blower. The distance between the exhaust inlet and sample pro
in this’5,7 m section that mixing of exhaust with dilution air and the development of a
veloti i ; i i i

during the approximately 2 s required for the exhaust to travel this distance.

particles by a
18 Pa) water, at

s two different
diameter. The
-ring seals and,
having 6.4 mm
12 m including
sis5.7m. ltis
latively flatfront
he main stream

The dilution tube is located parallel with the vehicle and as close as feasible (about 1 m clearance).

The blower for pumping diluted exhaust through the dilution tube is equipped with a

variable sheave

pulley drive for adjusting the fan speed between approximately 700 and 1400 rpm, corresponding to

flow rates of between about 17 and 33 m3/min.

-11-
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Velocity profiles and volumetric flow rates are measured in the exhaust dilution tube at the 333 mm
diameter sampling section with a Pitot tube, and the volumetric flow is determined by the tube.

@]

Vehicle

333 mm

ol ,

T o /2
4 i f .

Sampling Probes

Exhaust

216 mm
]

Mixing
Dillttion Air Filter Ring

FIGURE 6—DYNAMIC DILUTION SYSTEM B

The|Pitot tube is inserted through glands in the flange at the-downstream edge of the sampling section.
Theltip of the Pitot tube projects forward about 254 mm s0 that the velocity is measurgd near the cross
sectjon of the particle sampling probes (the probes arexemoved for the velocity measprement).

Veldcity profiles are illustrated in Figure 7 for maximum and minimum fan speeds. [For the practical
purgose of integration, velocity at the tube wallis assumed to be one-half the centefline velocity, as
recdmmended. Velocity is symmetrical with-respect to the tube centerline and reasongbly uniform over
the ¢entral 216 mm diameter section.

Volymetric flow rates are calculated(from the velocity profiles integrated using 12.7 min annular radius
segiments and velocities are read\from Figure 7. Typical volumetric flow rates are shgwn in Table 1:

TABLE 1—VOLUMETRIC FLOW

3

Total Flow, m3/min Total Flow, m®/min
Hlower rpm Exh. In. Closed Exh. In. Opeh
730 Min 16.22 17.24
1385 Max 31.57 34.00

Because—the—exhaust—inlet-is—downstream—of-the—dilution—aifilter—air—admitted—at-the exhaust inlet
reduces the pressure drop of the system slightly, with a resulting slight increased flow. To the degree
that the capacity of the blower depends on the DP across the blower, the exhaust dilution system is not
a true Constant Volume Sampling system. The sampling probes are located on a circle of
approximately 102 mm diameter with respect to the tube axis and are, therefore, in the area of nearly
maximum and uniform velocity.

A standard size vehicle, operating through the 1972 FTP driving cycle, produces an average of
approximately 1.22 m?/min exhaust gas (at 21 °C), including water vapor. At low fan speed, the
addition of 1.13 m3/min gas at the exhaust inlet is equivalent to the measured flow with the exhaust
inlet open. Therefore, for operation on the 1972 FTP driving cycle with the fan at 730 rpm, the average
total flow is taken as 17.27 m3/min. For operation on the FTP at high fan rpm, the average flow is
takenas 32.84 m3min.

-12-
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Fan 1385 RPM
Exhaust Inlet Open
7 —
Exhaust Inlet Closed
6 |
7
/
5 L~
( ]
E Exhaust inlet Open Fan 730,RPM
Z
8
.
> 1. Exhaust Inlet Closed \
2
50 100 150 200 250 300
I mm From Top -
FIGURE 7—VELOCITY PROFILES AT SAMPLING SECTION
Reypolds humbers at the sampling section are shown in Table 2.

TABLE 2—REYNOLDS NUMBER

Re
32.84 m>/min 130 000
17.27 m®/min 70 000

Thus, the flow is turbulent.

Temperature at the sampling section during the 1972 FTP driving cycle, at 17.27 m3/min total flow,
ranges from 27 to 54 °C.

-13-
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5.1.2.1.2.3

5.121.2.4

5.1.2.1.2.5

Exhaust Injection System—All of the exhaust from a vehicle operated on a chassis dynamometer is
fed via a 51 mm diameter tailpipe extension to the dilution tube, and is directed into the dilution tube on
the centerline of the second 216 mm diameter section. The exhaust pipe discharges downstream. An
annular ring, 216 mm OD x 165 mm ID is located coplanar with the discharge end of the exhaust pipe
extension. This annular orifice produces relatively greater local turbulence at the area of exhaust
introduction, resulting in rapid mixing of exhaust and dilution air.

Mixing of Auto Exhaust and Dilution Air—It is important for representative sampling that the exhaust
be uniformly mixed with dilution air. Because inertial and gravitational effects are greater for discrete
particles (depending on size and density) than for gases, uniform mixing of particles with dilution air

may be more difficult. Nevertheless a m|n|mum requwement of the exhaust d|Iut|0n system would be

unif

The
morn
ana

brm distribution of sulfates Would certamly not occur.

system is tested for mixing effectiveness by introducing propane at therexhau
itoring the propane concentration at the sampling section with a flame-ionizat
yzer. Propane flow is adjusted to give a calculated of -50 ppm.at 32.84 m3/n

obtdined in such a test are illustrated in Figure 8.

Mixi
730
vert
was

Unif]
How
com
the

Los9
allo
eve
film
part
a pq
nea
blow

ng of propane was found to be very uniform at a fan speed of 1385 rpm. At
rpm, propane concentration was found to be very daniform horizontally, ang
cally except for a slightly low concentration at the bottdom of the tube. Overall, uni
considered very good and satisfactory.

ever, the mean particle size of freshly‘\generated sulfate particulate matt
bustion is so small (less than 0.1 nmm) that the particles behave very much like a
mixing effectiveness determined with propane will also apply to these particles.

of Sulfate in the Dilution Tube—The transparent 6.4 mm wall clear polyacrylg
vs visual inspection of the mixing of the exhaust and dilution air. The blowing-in of
y cold start as well as the(gradual deposition of film and sediment on the walls ca
type deposit, distributed throughout the length of the tube, indicates the loss
cles, and a few muchtlarger particles accumulate along the bottom of the tube. G
rtion of the sediment is rust-like material and accumulates in the first 216 mm
the exhaust inlet;-where it is streaked along the bottom of the tube. This is the &
-in water first'accumulates and then evaporates to leave a rusty residue.

ot be met, then

5t inlet port and
on hydrocarbon
nin. The results

a fan speed of
nearly uniform
Formity of mixing

brmity of mixing of a gas does not necessarily guarantee uniformity of mixing of particulate matter.

pr derived from
gas. Therefore,

te dilution tube
liquid water with
n be seen. The

of some small
haracteristically,
liameter section
rea in which the

sulfateslosses in the tube have been measured by disassembling it after sever

1to

ihg thedinside with a damp cellulose filter, and analyzing the filter for sulfate. Th
brushed out beforehand ThIS procedure maximizes the calculated Ioss bec

5% of the measured sulfate emissions.

emission tests,
large particles
use the wipings
be ranged from
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Fan 730 RPM
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Fan 1385 RPM

0 1 |

50 100 150 200 250 300

mm\From Top or Right Side

FIGURE 8—PROPANE CONCENTRATION PROFILES AT SAMPLING SECTION

5.1.2.1.3 System C—(Figure 9) /This dynamic dilution system is a relatively large exhaust handling system
designed to permit general particulate sampling as well as sulfate measurements. In|this system the
blowef is upstreanmfrom the filter element and produces a positive pressure at the downgtream sampling
section.

5.1.2.1.3.1  DiluionAitPreparation—Dilution air is passed through two 0.1 nt High Efficiency Particulate Air
(HEPAXfilters contained in a 0.4 m? box fore it combines with engine exhaust at the mixing orifice.
Typical Tiiter material has an erficiency of 95% at 0.3 nm partcle SiZe and Serves to minimize the
contribution of background particulate matter to the test sample.

The blower used has sufficient capacity to supply up to 34 m°/min of dilution air flow at 25 mm H,O
positive pressure; however, normal delivery is in the range of 25 to 28 m°>/min for use with driving
patterns similar to that of the Federal Test Procedure.

-15-
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5.1.2.1.3.2

51.2.1.33

51.21.34

Dilution Tube—The dilution tube is 11 m long x 584 mm diameter. Each 1.8 m section is formed from
a 1.8 x 1.8 m sheet of 16-gage stainless steel by rolling it into a cylinder and welding the longitudinal
seam. Mild steel flanges 32 mm wide are welded to each end of the tunnel sections for bolting them
together. Dilution air and exhaust gases are mixed by means of turbulence created by a 203 mm
diameter orifice at the dilution tube entrance. Dilution air flow rate through the tube is controlled by
adjustment of three dampers, one at the blower inlet, one at the blower outlet, and one at a spill port
between the blower and the filter box. Nominal dilution ratios between 10:1 and 30:1 are typical for this
system. The sample point is about 10 m downstream from the exhaust gas-dilution air mixing orifice.

P Biower

/

Dilution
—~——— Air
E }A( Inlet

Control

/D;___/ Dampers

spill_| /
d Sampling
/ Section

——

Exhaust
In *
584 mm Probe Exit
N | —

e

\ LY Dilution Tube \
Fiiten Box

FIGURE®-~=DYNAMIC DILUTION SYSTEM C

Exhgust Injection System—The vehicle exhaust enters the system downstream fronp the dilution air
filte box and at the entrance to the dilution tube as described in 5.1.2.1.3.2.

Velqgcity and Gas'Mixing—Velocity profiles in the dilution tube are measured at vprious sampling
statipns at two-total flow rates and two exhaust-gas flow rates, using shop air to simulate exhaust gas
flow} Velocity.measurements are made with an anemometer using a hot-film sensor pfojecting into the
airs‘}ream. Mixing profiles are determined at 176.8 m/min using CO as a tracer ghs added to the

simulated exhaust gases and an NDIR CO analyzer to measure the CO concentrations in the tube.

Both velocity and mixing profiles are measured by traverses of probes in vertical and horizontal planes.
In each traverse, 14 positions are measured for the velocity profiles and 15 positions for the mixing
profiles. Tests are run separately for horizontal and vertical velocity traverses, without attempting to
adjust flow to exactly the same value in each test. Velocity and mixing profiles show whether mixing of
exhaust gases and dilution are good and whether velocity profiles are satisfactorily flat in the cross
section up to 203 mm from the centerline of the tube. The velocity and mixing profiles are not affected
by changes of exhaust-gas flow rate.
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5.1.2.1.3.5

51214

DILUTION AR — 450 mm  \::

512141

51.214.2

51.2.1.43

System D—(Figure 10) This dynamic dilution system is shown<chematically in Figure 1p0.

Aerosol Mixing—Mixing analyses are repeated with an aerosol at the high flow velocity used in the gas
mixing studies above, in order to determine the variation in concentration of the aerosol particles
across the vertical and horizontal tube profiles. A sample probe assembly is bolted between two tube
sections about 9 m downstream to hold 13 fixed sampling tubes, 9.5 mm in diameter, at the center and
on vertical and horizontal axes at 127, 203, and 267 mm radii. The exit ends of the tubes are
connected to absolute filter holders. Each holder contains a critical flow orifice which is designed for
0.0142 m 3 + 0.0003 m® min and is connected to a vacuum line.

During these profile studies, the air velocity in the duct is adjusted to 176.8 m/min, a velocity
intermediate between high and low flow. The test aerosol, a fluorescent dye dissolved in Freon-12 and
toluene, is introduced while exhaust from an auto running at 56 km/h and with power output equivalent

e tete-st i ptreql with a cascade
ean equivalent
pction stage and

impactor for each run and is varied from run to run between 0.87 to 5.9 nm mass3
dianmeter by varying the dye concentration. The amounts of dye collected on each imp
on the absolute filter are determined with a fluorophotometer.

The|variations in uniformity of distribution of the aerosol on the filters ateygenerally fqund to be minor
and|the exhaust is mixed essentially completely throughout the cross)section of the tybe. Nonuniform
dispersion of particles within the tube is not believed to be a major.source of sampling error.

VEHICLE

EXHAUST\

” H b———396m FIL}ERHOLDER
o
b

—> TOCVS

DILUTION AIR L
FILTER BOX

DILUTION TUNNEL

1
!
MIXINGJ PROBE /

ORIFICE

TO FlIOwW
CONTIROL SYSTEM

FIGURE 10—DYNAMIC DILUTION SYSTEM D

Dilution Air Rreparation—There is no special preparation of dilution air for this system. Dilution air is
drawn directly from the test area.

Dilufion)Tube—This system is of intermediate size, using a stainless steel (Type 30¢) tube of about
450 mm outside diameter with a 1.5 mm wall. Overall length of the cylindrical segment is 5.5 m while
the tapered end is 0.6 m long. Distance from exhaust inlet to sample probe is about 4 m with the
exhaust inlet mixing orifice 0.9 m downstream from the dilution air filter box. The sample probe
centerline is on the centerline of the tube.

Exhaust Injection System—Exhaust gas entering the tube is mixed with dilution air by an orifice one-
half the tube diameter. This system is compatible with the CVS system and uses the CVS to draw
exhaust and dilution air through the tube. The dilution air filter is a standard high efficiency particulate
air filter from a CVS unit. Normal flow rate is 24.53 m3/s which provides 2.5 s mixing time between the
orifice and the probe. Reynolds number is about 40 000.

-17-



https://saenorm.com/api/?name=99986d666fcd82c777432dec4c98d514

SAE J1280 Cancelled OCT2002

512144

5.1.2.2

51221

51222

Mixing of Exhaust Gas with Diluent Air—Turbulent flow profile 200 mm on either side of the probe
centerline has been determined to be essentially flat with a 3% deviation from maximum flow. Mixing
has been evaluated with propane injection and has been found satisfactory.

Under most conditions, tube flow rate is sufficient to permit sulfuric acid condensation yet prevent the
condensation of water. At the same time it provides a sample stream concentrated enough to permit
good particulate collection. However, during the cold start portion of an FTP, some condensation can
be formed in the tube. If condensation does occur, it is rapidly evaporated back into the flowing stream
by exhaust heat. While it is assumed that the condensate is primarily water, it contains some sulfate.

Upo

indicate that a small amount of sulfate does accumulate.

n evaporation, part of the sulfate could be left on the tube walls. Analysis of
This could be due to

tube sweepings
both the above

phe

Duri

stat¢ cruise, probe area temperatures of up to 120 °C have been recorded. Although

140

religble sulfuric acid collection.

Static D
ambient
5.8mlo
seams H
special
the bag

The bag
for both

designated to eliminate sulfate losses to the walls of the connector and to the floor of the

of the ¢
partially

been foynd to remain gaseous until diluted and dispersed with only about 2% of the fuel

connect
sulfates

The sysiem provides a static.and stable sample and when combined with sensitive analyti

proved 9
collectio
inconve
Normall

Test H

copraanoan ond oo riial HA tion
TUTTICTiurT armu P\'AI 1A ¥ Ay IIIIPU\.:LI\.III.
hg very hot vehicle operation, such as with certain types of catalyst vehicles ‘at

°C H,SO, nominal dew point, it is above the 90 °C point considered to be th

luted Exhaust (Dilution Chamber) (System E)—This technique ‘dilutes engine e
air and then introduces the mixture into a suspended 100 m3.black polyethylene
g, 4.6 m wide, and 3.7 m high, made of 152 nm (6 mil) black industrial-grade poly
eat-sealed and corner seams double heat-sealed. A.door built into the bag prov
ports are installed for attaching sample probes and for introducing the gas mixtur
s sprayed with Merix Anti-Static No. 79.

is equipped with a means for introducing exhaust at a point well into the chamb
gaseous and particulate samples. The cehnector between the bag and the engin

bnnector that are exposed to exhaust gas are heated to 250 °C. Additionally
diluted with ambient air prior to,its-entry into the chamber. Under these conditio

pr. Data indicate that both heat and dilution are often needed to insure effecti
Figure 11 is a schematic drawing of the connector.

atisfactory for hoth’ steady-state and cycling operational tests. Bag volume limits

h to 12 to A5 min, especially at high exhaust flow rates. The bag may be

hient thandynamic dilution tubes since it must be cleaned and prepared for ea
five tossiX'runs can be made in an 8 h shift.

rocedure—If engine warm-up is desired the exhaust can be bypassed to the

96 km/h steady
this is below the
b upper limit for

haust gas with
bag. The bag is
ethylene with all
des access and
2. The inside of

br and with ports
b exhaust pipe is
ag. All surfaces
, the exhaust is
hs sulfates have
sulfur lost in the
ve dispersion of

cal methods has
exhaust sample
somewhat more
ch new sample.

ent (Figure 11).

When

samptingTs—tobegimtheair=ditutiomsystenris—activated;thebypass vatvectosed and the bag

valve opened. Exhaust mixture is then introduced into the bag for a predetermined length of time. The

test is

ended by reversing the connector valving sequence.

Cleaning Procedure—A circulating system is provided to purge the exhaust gas mixture in the bag and
replace it with fresh air. One of the circulating blowers draws air in and the other vents it, the flow rates
balanced. The bag is partially collapsed during the purge period. After a minimum of 1/2 h of purging,
the blowers are stopped and rerouted to recirculate the air in the bag through a Drierite drum and filter.
This recirculation is allowed to continue for another 1/2 h, and reduces the relative humidity to about
15%. All blowers, pumps, and dehumidifiers are turned off during the introduction of exhaust mixture
and when withdrawing samples.
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5.1.2.23

5.2

521

Electric Bag To
Heating Wall Vent 51 mm
Tape
Shutoff
76 mm 25 mm Valves

\Exhaust

Electric
In

Heating
Tape

Dilution
Air In

FIGURE 11—SCHEMATIC OF CONNECTOR

Verifig
order

introddiction of the exhaust sample into the chamber has beendetermined to be less th

variati
CO,)

chambyer temperature 2 to 5 °C above ambient. All studies to date indicate that good

this cd

Sampling a
installations
are the threq
follows:

ISOKINETIC
the partic

concentration and size distribution in the probe sample should correspond to that of the mg

Equation

ation of System—Deposition of sulfates on the walls of the connector has been fo
bf 2% of total sulfur handled. Rate of decay for both SO, and"sulfates during the

bn. Also, traverses of the bag have shown variations)in’ gaseous composition (S
and temperature no greater than the analytical variability. Exhaust gas introd

llection system.
nd Collection Procedures—Isokinetic ~Sampling, probe and filter housing

and filtering media are discussed. Filters, controlled condensation coils, and im
systems commonly used to colleet\sulfates. Typical examples of each are desc

SAMPLING, PROBE, AND FILTER HousING DesiGNs—Isokinetic sampling is desiral
late sampled is representative of the particulate in the main stream; that is

.) Probes for isokinetic sampling are designed so that the sample stream is divid

und to be on the
first 30 min after
an the analytical
O, sulfates, and
Iction increases
mixing occurs in

designs, probe
bingers-bubblers
ibed in detail as

le to insure that

the particulate
in stream. (See
d into two parts

with a volyme ratio equaltto.the ratio of the cross-sectional areas of the openings of the safnple probes and
the dilutiof tube cross<gectional area.

Area (probe) _ Volume Flow (probe)

Thus:
Area (tube) Volume Flow (tube)

(Eq. 1)

However, studies have shown that for fine particles, less than 10 mm mass mean equivalent diameter, the
error introduced by deviations from isokinetic sampling that are less than 20% are negligible. In addition, for
particles smaller than about 4 nm diameter isokinetic sampling is relatively unimportant over a range of at
least 250% higher than the isokinetic velocity, where the velocity is not over about 15 m/s. Since sulfate
particles are normally of submicron size, isokinetic sampling is considered to be of minor importance.
Another item to be considered in probe design is minimizing sample deposition in the probe. When
suspended particulate matter leaves the dilution tube and enters the sampling probe, it is leaving a low
surface to volume region and entering a high surface to volume region. Relative sample losses by impaction
should be greater in the probe than in the tube. Therefore, the probe should be as short and direct as
possible to minimize the residence time of the particulate matter in the probe. The filter housing connected
to the probe is flared out as soon as physically possible to minimize the surface to volume ratio of the housing
and thereby reduce sampling losses by impaction in this portion of the sampling system.
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5.2.2 FILTERS AND FILTER COLLECTION SYSTEMS

5.2.2.1 Filters—The selection of a filter for any application is a compromise, generally arrived at by rejecting those
with features which are least tolerable. For automobile exhaust particulate matter several types have been
used. The choice in a particular experiment depends mainly on the analytical information desired. Table 3
summarizes the principal characteristics of several filters. All of the filters are considered absolute, that is,
they are rated at >99% efficient for particles 0.3 mm diameter. This feature is a requirement for the
quantitative sampling of auto exhaust particulate matter which is of relatively small particle size.

52211

522111

5.2.21.1.2

Glass Fiber Filters—Glass fiber filters are generally satisfactory for sulfate collection if handled very
carefully so as to avoid the Ioss of tlny flbers from the edge Glass fiber filters can be weighed with an

nss weighing) of

about 100 ny per 142 mm f|Iter Their hum|d|ty sensitivity is relatlvely low. Pressure)firop is also low.
Impurities can be relatively high in some cases; however, an unidentified extractable colored component
(probdbly organic) tends to interfere with the sulfate determination unless the-filters afe pretreated as
descriped later in this paragraph. Glass fiber filters are especially useful for the g¢apture of liquid
aerosqls, including sulfate aerosol. High surface-to-volume ratio of this type filter permits the absorption
of mug¢h more liquid than permitted by a membrane filter.

Glags Fiber Filter Pretreating—Glass fiber filters have been pretreated successfully |by the following
prodedure: A few filters, 4 to 6, are loosely stacked alternately on a piece of heayy aluminum foil
(fregzer wrap). The sides are folded over loosely, and thepackage placed in a muffle furnace at about
200[°C. In perhaps two steps over a period of about an hour, the temperature is raisg¢d to 450 °C and
held for several hours. The exact times are not critical. Near the end of the day [shift, the muffle
furnfpice control is set to 200 °C, which allows the temperature to drop slowly during the night.

The|next day the filters are soaked in 20% H€I in a large borosilicite glass baking dish on a warm hot
plat¢. After about an hour, the HCl is poured off, and the filters rinsed in flowing deioniged water. Each

washed filters are air dried for several\fours, then gradually heated to 450 °C and coqgled overnight as

24

e tare weighing.
This weighing method presumably corrects for moisture absorption dlfference by the filter (not by the
sample, for example H,SO, x H,0), if the control and the sample filter respond similarly to humidity.
On the average, the method corrects for fiber loss with the exception that the control sample is not
clamped in the holder. Experiments have shown that the clamping loss, if a fluorocarbon washer is
used (see 5.2.2.2.2), is less than the loss caused by handling in placing a filter on and off the balance
pan.
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TABLE 3—CHARACTERISTICS OF CANDIDATE FILTER FOR AUTO EXHAUST PARTICULATE MATTER

Handling
DP cm Hg DWt Loading  Electrostatic Charac- C/H
Filter Composition 10 L/min/cm?2 DRH Capacity Effect teristics Analysis
Dexiglas No. 225 glass fiber 24 rel. low rel. high low fair fair
Gelman—A glass fiber 24 rel. low rel. high low fair fair
Millipore HA 0.45 cellulose 100 rel. high rel. low rel. high good un. sat.
triacetate
Nuclepore N040| polycarbonate 50 low low high poor un. sat.
10200
Selas metal silver 100 vy. low low nil vy. goofd good
membrane
Gelman DM-450 copolymer 100 fair low moderate good un. sat.
polyvinylchloride
and
polyacrylonitrile
Gelman AN-450 copolymer 100 fair low moderate poor un. sat.
Acropor polyvinylchloride
and
polyacrylonitrile
Tissue quartz(1) quartz fibers — good good good vy. pogr good
Impurities Impurities Impurities Impurities Impurities Impurities Impurities
Filter S Pb Fe Ca P Zn Al
Dexiglas No. 225 med. low low high low low med.
Gelman—A med) low low high low low med.
Millipore HA 0.45 low low low low low low low
Nuclepore N040 low low low low low low low
10200
Selas metal low not not not not not not
membrane satisfactory satisfactory satisfactory satisfactory satisfactory  satisfactory
Gelman DM-450 high low low low low low low
Gelman AN-450 high low low low low low low
Acropor
Tissue quartz @ good no no no no no no
information information information information information information

1. May not qualify as an "absolute" filter.
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5.2.2.1.2

5.2.2.1.3

5.2.2.2

52221

Quartz Fiber Filters—Quartz fiber filters have quite low concentrations of most impurities but they are
extremely fragile. Handling quartz fiber filters causes weight loss from ablation, making weight
measurements unreliable in the submilligram range. Furthermore, they are extremely sensitive to
humidity variations, causing additional weighing problems. Metal membrane filters have very high
pressure drop and are quite expensive. The copolymer filters have a high sulfur background and are
therefore not satisfactory for the measurement of sulfate aerosols. The polycarbonate filter has a
moderate pressure drop and low sulfur impurity and can be used if care is exercised in handling.

Fluorocarbon Filters—The State of California Air Resources Board and the Environmental Protection
Agency recommends the use of Millipore Corp., Fluorocarbon Type FA, 1 mpore, 90 mm diameter filter

for reasons presented in SAE Paper 770166.

Some

“Automotive Sulfate Emission—A Baseline Study,”

Filter Cd
water cq
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should K

analytical methods. Filter diameter depends upon sample flow rate and desired face veloc
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llection Systems—When using filters, a dilute sample should be hot enough to pr
ndensation in the probe assembly and cold enough to contain particutate sulfa
ese conditions, sulfates will be deposited on the filter media for subsequent analy|
ave low pressure drop and high strength. They should not contain_impurities that

uld be high enough to collect an adequate mass in a reasgnable length of ti

bvent premature
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5is. Filter media
Will interfere with
ty. Sample flow
me and may be

eliminatgd by filter pressure drop. Some in-use systems attempt to,ymaintain isokinetic ¢onditions in the

probe agsembly while others permit limited deviation.

Three filker collection systems used successfully are described as follows:
System F—(Figure 12) This system is associated with Dynamic Dilution System B (5.1.2.1.2). However,
it is representative of those in use with other diluted-exhaust handling systems. The prope is made of 30
mm L.ID. x 32 mm O.D. stainless steel tubing 230 mm long bent through a 90 degree afgle on a 90 mm
radiusf The open end is inserted through thé dilution tube wall and oriented to point upstream with the
tip abgout 120 mm in from the wall. The probe is connected to a stainless steel filter holder which is one
of twolsizes:
a. Fqr 102 mm diameter (90 mm effective) filters; or
b. Fqr 142 mm diameter (127°:mm effective) filters (see Figure 12).
The cpmplete collection (system includes a vane-type vacuum pump and flow meter|as illustrated in
Figurg 12. Vane pumps.dgenerate a smooth flow so that no ballast plus resistance is required for correct
flow indication by a Ratameter flow meter. However, because the Rotameter in these cgllection systems
must e ahead ofthe pump, the pressure at the Rotameter will be subatmospheric. The indicated flow
rate must theréfore be corrected according to the relationship (see Equation 2):

12
MW&MM&&%% (Ea. 2)
2

where:

P, = pressure at Rotameter exit

P, = ambient pressure (for which Rotameter calibration applies)

Gelman A glass fiber filters, pretreated by heating at 530 °C to destroy organic material, are used most
frequently. Nuclepore polycarbonate filters, 0.4 mm diameter pore size, and Selas silver membrane filters
are also used. All filters are rated as >99% efficient for particles 0.3 nm.
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The normal filter sample flow rates, corrected to atmospheric pressure are 0.0047 m?3/s for glass fiber
filters and approximately 0.0014 m?/s for the more restrictive Nuclepore and silver filters. The filter
samples constitute approximately 0.3 to 2% of the total exhaust. The dilution tube flow rate is generally
17.27 m®/min for the FTP and for 48 km/h cruise and 32.84 m3/min for 64 and 96 km/h cruise. Thus,
sampling is not always isokinetic, but the departures from isokinetic flow are assumed inconsequential in
view of the apparent submicron-size of the sulfate aerosol.

System G—(Figure 13) Two versions of System G have been used with the exhaust handling tube of
Dynamic Dilution System C. However, either can be used with other types of dilution systems.

B
Probe = )
Tube
{ | k ——
Filter
Holder Throttle
Vacuum
Pump
Manometer
Flow Meter

FIGURE 12—FILTER SAMPLE COLLECTION SYSTEM F

In the[Type | system, filter sample prebes are 19 mm ID x 350 mm long Teflon tubes with a 30 degree
bend |nside the dilution tube. Thé_probe tip is also Teflon, 56 mm in diameter, tgpering to probe
diameter. Sample flow rate is about 0.1 m3/min which, when using a nominal 13.3 m3/min dilution tube
flow rate, results in collectian at about 93% of isokinetic conditions. This is considered more than
adequiate for the submicronsulfate particles. The filter holder is stainless steel containifng a 142 mm flat
filter. |A short conical transition piece connects the probe to the holder. The particulate path from tube to
filter ig short and freetof.Severe bends or other restrictions.

In a Type Il system;, particulate samples are collected on 142 mm diameter filters held ih Millipore Model
YY22 [142 99'stainless steel holders. The holders are modified by the addition of straight stainless steel
tubes jJand-a‘eonical entrance to the inlets, and the insertion of flat fluorocarbon gaskets (3 mm thick x
130 mm4AD and 147 mm OD), between the mating surfaces. The inlet tubes facilitate donnection to the
dilution-tube sampling ports, an € gaskets minimize Tilter cutting and TIber 10SS when the holder parts
are clamped together. The filter holders are connected by machined PVC adapters to 50 mm stainless
steel tubing inserted into the dilution tube at the 10 m point. The inlets of the stainless steel probes are
fitted with PVC nozzles machined to an entrance cross section to give isokinetic flow at the tip. Different
nozzles are used for each steady speed test, and for FTP tests. O-rings are used to seal the adaptors to
the probe tubes and the filter holders to the adaptor. This permits a quick connect-disconnect operation,
which is essential for cyclic tests.
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Both glass fiber and quartz fiber filters have been used in this system. Filters are stored in opened
packages in a controlled temperature-humidity room with a nominal ambient of 22 °C and 45% relative
humidity. Within 24 h preceding a test, the filter holders are loaded with the proper filters. Before
loading, glass fiber filters (not quartz fiber filters) are weighed. The weighing procedure is critical if
reproducible weights are to be obtained.

With either Type | or Type Il versions, the filter holders with weighed filters are connected to the sampling
probes on the dilution tube. At the exit of each holder a critical flow orifice with a nominal flow of 0.1 m3/
min at 100 kPa is installed. Downstream from each critical flow orifice there is a Bourdon vacuum gauge
backed by a full-flow throttle valve. The valves are connected to a manifold held at 55.8 kPa vacuum by
a 0.8 m3/min carbon vane vacuum pump. Filter holders are callbrated by a dry gas meter using the 55.8
kPa vaettm cow A ation tests to be
below(the crltlcal flow pressure, that is, the flow is critical through each orifice durmg all tests. Before
every fest (or after the test in the case of reloaded filters in a cycle), the actual flow)throtigh each filter at
the vacuum gauge setting is measured using a calibrated dry test meter~Small |but measurable

differgnces in the flow have been observed from one filter to the next. The actual flpws are used to
calculate the volume of each sample.
Dilution Tube
Dilute
Type |
Gas
{ Flow-Control
Probe Tip Orifice
Filter Holder Probe - To Vacuum Pump
Filter
Holder
-
r_ _>> 802/H2804 {Goksdyr-Ross Apparatus)
|
[
. Dilution Tube
Type 11 I
[
Dilute Gas D—:\ \

) l
N ¥ l Particulate

/ Filter Holders

_k ; 142.-mm diam

To Vacuum Pump

FIGURE 13—FILTER COLLECTION SYSTEM G
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5.2.2.2.3

At the beginning of each test, the throttle valves for each filter are quickly adjusted to the desired gauge
setting. Because flow is critical, the exact gauge setting is relatively unimportant; however, it is normally
reproduced for each test. In cycle tests, some filters are used during one portion or phase of the
complete cycle, others during other portions. After sampling is completed, the filter holders are returned
to the controlled temperature-humidity weighing room, where the sample filters are removed and placed
in partially covered plastic petri dishes. After a minimum 16 h equilibration period in the weighing room,
the glass fiber filters are weighed versus a control filter as described in 5.2.2.1.1.2. The net weight of
particulate matter is obtained by subtraction of gross-tare weight, with corrections being made based on
the change in the control filter weight.

System H—(Figure 14) This system is normally used with a static dilution chamber such as the one

descripeeHao5322

Vent

Fifter Rotameter

Holder

/ Vacuum Gauge Valve
r J « Exhaust
Muffler

0

i

Valve
Vacuum 12.7 mm Brass ¢

Tubing Tublng F
Pump

FIGURE14—COLLECTION SYSTEMH

The sample train consists,of:a filter holder, Rotameter (0 to 2.83 m3/h range), vacuum gquge, pump, plus
assoclated valves and tubing. If sampling is done from a static dilution chamber, mount the filter holder
in a hgrizontal position so that the filter is positioned inside the bag 63.5 mm from the wall.

It is cdnvenient foymount the filter holder on a metal plate attached to the wall of the chamber. The metal
plate has a circular hole cut in to receive a No. 13 one-hole neoprene stopper. Attach a netal tube to the
exit of|thediltet holder, and mount the holder by passing the tube through the stopper.

Place agtass fiber filter nside the Titer holder and ocK IT N place. Attach the Tiiter nofder to the sampling
train. Start the pump and adjust the line valve and the bleed valve to give a gas sampling rate of 2.72
m3/h. Pump ambient air through the filter for 5 min (equivalent to a gas sample of 0.23 m3). Record the
sampling time and the temperature of the ambient air.

If the iodate method of analysis is used refer to 5.3.1.3.3 for filter preparation and handling precautions.
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5.2.3

CONTROLLED CONDENSATION SYsTEM—(Figure 15) In the controlled condensation/hydrogen peroxide
method, sulfuric acid is collected by condensation in a coil, often referred to as a Goksoyr-Ross (G-R)
condenser-absorber. Downstream of the apparatus SO, may be collected by oxidation with aqueous H,0,
to SO,~. A typical system, illustrated in Figure 15, consists of a heated quartz or Vycor sampling probe, a
guartz wool plug filter, a condenser coil with exit frit, and H,O, bubblers, plus drying tube, pump, and dry gas
displacement meter. A typical sample probe arrangement is shown in Figure 8. Isokinetic conditions are
deliberately avoided so that large patrticles, such as flakes from the exhaust system, are suppressed. The
probe is wrapped with heating tape and enclosed in 16 mm ID stainless steel tubing. The exterior end is
connected via 12/5 spherical joints to a 25/15 spherical unit containing quartz-wool as a particulate fiber.
This filter unit, which is wrapped with heater tape before each run is connected to the entrance end of the G-
R coil, followed by three bubblers in series. The G-R gas sampling units have three distinct sampling
functions:

a. The|probe, quartz wool filter, and associated glassware should remove only particuldte matter but no
sulfdrric acid mist because they are maintained at temperatures above the S@xdewpdint;

b. The|coil should retain all and only the condensed H,SO,; and

c. The|bubblers should retain all and only the SO, as SO,".

Quartz wool
plug

water 01

~60°C
NG, 4) glass frit

Sompie — =
in

—To emply bottle,
Drierite trop,
diophragm pump,
and gas meter

—~—
Condensation coil

3 percent HZO 2

FIGURE 15—CONTROLLED CONDENSATION COLLECTION SYSTEM
FOR SULFATE AND SULFUR DIOXIDE

The first tyvo bubblers areloaded with 50 mL + 2 mL of 3% H,O,; the third is empty. All|connections are
made via pnlubricated<I2/5 spherical joints. The last bubbler is connected by Tygon® tulping to a 50 mm
borosilicitg glass (Pyrex® or equivalent) drying tower containing about 340 g silica gel. The sample gas is
pulled thrqugh the 'system and exhausted through a dry-gas-test meter by means of a sealgd bellows pump
with a thrg ttlrng valve. Each dry test meter is calibrated against a standard meter that has| been calibrated
against an S . obe ] C C 2 keipt hot during the
sampling perrod by heater tape In one G-R unrt a mercury thermometer is mserted in a tee between the
quartz filter and the G-R coil. The thermometer bulb is directly in the gas flow path; during a test the
indicated temperature is normally 170 to 210 °C, depending primarily on how the tape has been wrapped. In
all tests this temperature should be maintained higher than the condensation point of the H,SO, x H,O
mixture (about 140 °C). The G-R condenser coil is maintained at 60 to 70 °C by a water jacket surrounding
the coil and frit of the G-R unit through which heated water at 70 °C is circulated from a thermostatted supply
vessel.

Before a test, two bubblers are loaded with H,O,, the drying tower filled with silica gel, and the train installed
in position at the sampling point. Each train is then disconnected from the probe and capped for leak test.
Polyvinyl chloride (Tygon® or equivalent) tubing connections are made from the empty bubbler through the
drying tower to the pump. Connections in the pumping unit to the needle valve, vacuum gauge, and dry-test
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meter are checked. When all are in order, the pump is started and the needle valve controlling the air flow
from the train to the pump slowly opened. Initially the bubblers should bubble as air is emptied from the
system. If there are no leaks, the bubbling soon stops and no gas flow is indicated on the dry-test meter. If
leaks are present, they often can be repaired by merely flexing a leaking spherical joint. When shutting
down, either to repair a leak or to reconnect the unit to the probe, the system should be slowly vented from
the coil end while simultaneously closing the sampling needle valve. Failure to observe this procedure will
cause the bubbler solutions to suck back into the coil. If that occurs, the coil must be removed, rinsed, and
dried, then reinstalled in the unit and rechecked for leaks. When ready, the coil jacket is connected to the hot
water circulating system maintained at 60 to 70 °C.

When the units are ready, the sampling needle valve is qwckly opened and adjusted to approximately 5 to 6
L/min. No Abgut every 15 min,
readings ghould be taken of the coil Jacket water temperature the dry-test meter (gas) temperature, and its
cumulative volume reading. Periodically, the temperature of the thermometer in the sampling line should be
noted. Atjthe end of a sampling period, each unit is shut down by closing the sampling neegle valve, noting

the final cdimulative sample volume reading, and disconnecting the unit from both sample pfobe and pump.
Refer to 5|3.3.1 for a typical procedure used to analyze downstream bubblers-for SO,.
As a resulf of several experiments, a number of characteristics of the system have been estpblished:
a. Most of the sulfuric acid is trapped in the coil and not ahead of it in the heated probe or quartz wool
plug
b. Virtdally no sulfuric acid can be condensed in a secand-condenser coil in series, indicating the efficient
capfure of H,SO,4 by a single coil.
c. Mogdt of the H,SO, condenses in the coil walls, though some of it (up to about|one-third) does
condlense in the gas stream and hence requires the exit frit.
d. Thelfirst of two H,O, bubblers in series eaptures about 90% of the SO,, the secorld bubbler about

10%, and a third empty bubbler less than 1%, confirming the ample SO, absorbing
bubbler train.

capacity of the

Permeation tube experiments, in which*SO, was introduced at a known rate into a carrief airstream have

establishef that:

a. The
the
b. The

controlled condensation technique recovers quantitatively the SO, in the carrier|gas, as SO, in
1,0, bubblers,

system created,no H,SO 4.

BuBBLER/IMPINGER"COLLECTION SYSTEMS—This collection system is similar to that of EPA Method 8 for
determinirlg sulfur:related species in effluent stacks. Systems tested to date are modifications of the
previous methed and must be classed as highly experimental when applied to engine exhaust. Due to the
many inconsi i ifficulti i i i i tion system, the
user is cautioned to exercise extreme care, both in equipment operation and interpretation of results. There
is an indication that impurities in various batches of reagent grade isopropanol may be responsible for some

of the problems encountered. Three typical systems that have been used are described, briefly, as follows:

System—(Figure 16) In this bubbler system the gas sample is passed through a sample train in which a
sampling bubbler containing isopropanol acidified with a known amount of weak sulfuric acid is connected
in series with a sampling bubbler containing hydrogen peroxide solution. Sulfur trioxide and sulfuric acid
mist are absorbed in the isopropanol solution and sulfur dioxide is absorbed in the hydrogen peroxide
solution. The volume of gas passed through the absorbers is measured with a wet-test gas meter.
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5.24.2
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System K—This bubbler collection system is used principally to determine sulfur trioxide in engine exhaust
and is a modification of a method proposed by Seidman.!

Exhaust Pi

Four miglget impingers, three with orifice stems and one with*a fritted glass stem, are ug
sulfur tr
reagent
fourth apsorber which has a fritted glass stem. This small amount of solution in the fg
sufficient to keep the fritted glass moist and to-aid in retaining any solution or sulfur trig

4

Stainless Steel  1hermacouple

4

Ice Bath Dry lce Trap

FIGURE 16—BUBBLER COLLECTION.SYSTEM J

oxide emissions. The first three absorbers, having orifice stems, are filled wit
grade isopropyl alcohol. A small amount (2dte 3 mL) of 80% isopropy!l alcohol

Tube,With a“fj Isopropanol Filter:
|~ Holes Drilled Variac Sampling 25' ::;, Glass  Peroxide Wet
Around Bubbler Fiber Sampling Test
Circumference : Bubbier Valve Pump Meter
f Heated /_\ja
\ Sample Line lass
6.95 mm O.D. Wool
Stainless Steel
Tube, Wrapped
With Heating Tape
he

ed to collect the
N 15 mL of 80%
is added to the
urth absorber is
xide which may

escape from the first impingers. All of the impingers are immersed in an ice water-salt solution.

The gas| sample is drawn into the impingers by a pump operating at a flow rate of less than 0.28 m3/h of
gaseoud sample through the system;.\When possible, at least 0.14 m?3 of sample is used.

Due to the high temperatures.of actual engine exhausts, it is necessary to use a stainjess steel probe

inserted

(Teflon

Exhaust|

System

exhaust
a flexiblg¢ metal hose. The sampling nozzle, Pitot tube, and thermocouple are inserted to

the sampling pIpe. The outlet of the sampling pIpe IS connected t0 a CVS system, i the usual manner. A

into the exhaust pipe:* The probe is connected directly to the first impinger W
R or equivalent) tubing. The sampling system is shown as follows:

® Probe ® Impingers ® Flowmeter ® Pump ® Outlet

| —Thistbubbler collection system is based on EPA Method 8 but is modified to &
testings A sampling pipe, 57 mm in diameter and 1.2 m long is connected to the &

ith fluorocarbon

dapt it to engine
xhaust pipe with
the centerline of

standard Method 8 probe and sampling train is used (Lear-Siegler Model 100 Manual Stack Sampler or
equivalent). In some cases, the second impinger contains 100 mL of 80% IPA solution rather than 100 mL
hydrogen peroxide solution. The filter position is between the first and second impingers and the filter is
added to the contents of the first impinger as called for in Method 8. Sampling time is 1/2 h per test. For
sampling undiluted exhaust, isokinetic sampling is unnecessary because the sulfuric acid (H,SO,) is in
vapor form. However, sampling is usually close to isokinetic.

1. E.B. Seidman, "Determination of Sulfur Oxides in Stack Gases." Anal. Chem. 30:1680 (1958).
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5.3 Sample Preparation and Analysis—This section covers methods for determining sulfate and other sulfur-
related compounds from the material trapped by the collection system.

5.3.1 METHODS SPECIFIC FOR SULFATES—Five known methods are discussed in the following paragraphs:

5.3.1.1 Barium Perchlorate Titration—Ba(ClO,4),.

5.3.1.1.1 Theory of Operation—This general technique is one of the most common methods in use. It is
adaptable to analysis of samples obtained on filters, by controlled condensation, or in IPA bubblers.
Various methods used with filter and controlled condensation samples are similar enough to be covered
together. However, one method used in 5.3.1.1.5.2 in conjunction with IPA bubblers warrants separate

treat

Exper
Both
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follow

5.3.1.1.2 Appar
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Low

Coldg
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5.3.1.1.3 Reage
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5.3.1.1.4 Calibr

Burg¢ttes (at least 0.05 mL divisions)

Bt
cTe

mental conditions for applying this method can be varied to measure sulfate at

bd by specific instruction for sample preparation associated with eachymode of en
htus Required—The following apparatus is used in the titrations:
bxchange column, 10 x 250 mm

range pH paper, pH 1.0 to 4.3
rimeter and probe for endpoint detection
matic titrator

nts Required

Lim perchlorate standard solution 0.0I'N
Lm perchlorate standard solution 0:001 N
hmethylenetetramine (5% agueous)
bnazo Il indicator (0.1 g/1200,mL H,0O)

| alcohol, absolute

one

C acid (2% aqueous)

ex 50 W-X8 cation“exchange resin (50 to 100 mesh)
bnazo 11l indicator

in

nylene blue

isual and instrumental methods are used to detect the endpoint of thextitratior).
ors are employed for visual endpoint detection. The general titratioh procediire is described

different levels.
Two different

point detection.

htion Procedure—The barium perchlorate solution is standardized by titration a

standa

ainst previously
mL Erlenmeyer

flask and 45 mL of deionized water and 2.5 mL 2% nitric acid are added. The solution is adjusted to pH

4 using 5% hexamethylenetetramine and titrated with barium perchlorate solution.

calculated from Equation 3:

mL H,SO,” N H,SO,

N Ba(CIO) =
( ) mL Ba (C10y,),

Normality is

(Eq. 3)
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5.3.1.15

5.3.1.151

a.

Analytical Procedures

Sulfonazo Il Method:

Procedure—In order to analyze the filter samples, cut and place one-quarter section of filter in 2100 mL
beaker. (One-half filter can be used for low levels of sulfate.) Add 3.0 mL of 2% nitric acid, wetting the
filter section completely, then add 20 mL deionized water. Place a small glass stirring rod in the beaker
and cover with watch glass. Digest the samples on hot plate and allow to boil for 5 min. Cool the
beaker and filter the liquid through glass wool into the ion-exchange column containing 7.5 g of Dowex
50 W-X8 (or equivalent) cation exchange resin, collecting the sample in a 125 mL Erlenmeyer flask.
Wash the beaker with three 5 mL portions of deionized water and add the washings to the column.

i eftH 2 e e i e g beaker with the

hexgagmethylenetetramine. Add 10 mL ethyl alcohol and 25 mL acetoné-to the flask, t
Sulfpnazo Il indicator. Titrate with 0.01 N barium perchlorate solution (if sulfate co
0.041 N barium perchlorate). If the sample requires more than-10 mL of barium perd
the ¢ndpoint, the results are unreliable and should be discarded. In this event, anoth
filten should be processed through the ion-exchange step.) If a controlled conden
invoJved, some should be saved against this eventuality: At this point, the solution

deionized water
a hot plate and
pH 4 using 5%
hen add 3 drops
htent is low, use
hlorate to reach
er section of the
bation sample is
is diluted to an

ogkwhNpE

appropriate level before proceeding with the remainder,of the steps.

Intefferences and Precautions—The preceding\procedure was arrived at after experimental work
ifying sources of error and the means to-minimize or eliminate them. Reliable fesults from filter
samiples can be obtained if the following precautionary measures are taken:

Keep HNO3 at minimum concentration

Kegep water in sample at minimum

pHl is very critical (4)

Usge blank for color comparison of endpoint

Clhange Dowex frequenth(approximately every 3 samples)

If bample is basic, adjust with nitric acid
In order to obtain_a.sharp endpoint, it has been found that ion-exchange is a necegsary procedural
step. Steps should not only be taken to insure that the ion-exchange bed capacity is not close to
exhaustion, but also to use a new rather than regenerated batch of ion-exchange resin.
Positiverdeviations have been obtained when titrating the effluent from a regenerat¢d ion-exchange
bed

Precision—Comparisons have been made between the titrimetric and gravimetric analytical
procedures on particulate filters from actual vehicle runs. The titrimetric analysis was carried out on
one-quarter sections of the filters, the gravimetric on an entire parallel filter. The particulate filters were
generated from vehicles equipped with pelletized and monolithic catalysts, operating on fuels of sulfur
levels ranging from 0.004 to 0.14 wt%. Both cyclic and steady-state modes were used. The results of
regression analysis on 26 comparison sets are shown in Equation 4:

Titrimetric SO, = 1.029 Gravimetric SO, + 0.00085
Standard Deviation = 0.01

(Ea. 4)
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5.3.1.1.5.2

a.

Thorin Method

Procedure (Visual Endpoint)—Samples are recovered by rinsing controlled condensation coils with
water, or by overnight leaching of filters with hot water on a steam bath. Sample volume is adjusted to
100 mL or other convenient volume by adding water, and the pH is measured for later reference. A
known volume, usually 5 or 10 mL, is withdrawn from the sample, the pH adjusted to 3.0 to 3.5 with
NaOH (NH,OH may be preferable) or HCIO, or HCI and four volumes of isopropanol (IPA) added (for
example, for a 10 mL sample, 40 mL IPA). Two drops of the Na salt of Thorin (0.2 g/100 mL H,O) are
then added and the SO,~ titrated with standard 0.01 N or 0.001 N Ba (ClO,), in 80% isopropanol
which has been standardized against standard H,SO,. Blanks are run with each set of samples.
Endpoint detection of samples normally is by eye by color comparison with titrated standards.
Titrgt have-beerperformed-with-ar-adtomeatie-titraterinterfaced-with-a—prebe colorimeter for
phofometric endpoint detection at a wavelength of 5200 A (520 nm). Samples detenmined by the two
ns as previously stated usually give good agreement. Interferences and vague endpoints are
etimes encountered in visual detection (though not in photometric detection) espgcially with glass
fibey filter samples. These problems can be overcome by treating the sample with diluted H,O, (to
destroy colored organic interferences) and passing the solution throughya€ation exghange resin (to
bve cationic interferences). As noted previously, automatic titration coupled [with instrument
ction of endpoint has been applied successfully to barium perchiorate titrations of both filters and
rolled condensation collected samples. One such technique using commercial lequipment is as

For samples obtained from a controlled condensation. c6il, a 5 or 10 mL sample aliquot with its pH
ted to 3.5 using either dilute HCI or CO5 freecNaOH, is transferred to the titratipn beaker. Forty
Df isopropanol are added (5 mL of deionized water are also added if a 5 mL sample aliquot was
used) along with 3 drops of Thorin indicator. «With filter samples, a filter is leached into 50 mL of
deignized water on a steam bath. After cooling and filtering the pH is adjusted to 3.5 as previously
state¢d and the sample diluted. In either case the solution is now ready to be titrated.

If the¢ sample is expected to have high‘concentrations of salts, especially Ca, Sr, or Al|or if the titration
bregk obtained is poor (a slope ofdess than 2, Figure 17) passage through an ion-ex¢hange resin will
gredtly improve the results. The,cation exchanger recommended is Amberlite CG-120 100 to 200 (or
equivalent) mesh. The Amberlite should be well washed and in the H* form. A 50 x|8 mm column is
filled with the resin, and.the.'sample is passed through. The first 5 mL of the eluent is|discarded. The
second 5 mL fraction may be used for titration after adjusting its pH to 3.5 and diluting/to 10 mL. Forty
mL ¢f isopropanol and-3 drops of Thorin indicator are added as in the preceding paragraph.
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FIGURE 17—A TYPICAL ENDPOINT

Cial Procedure for IPA Bubbler Samples—In order to determine the amount of su
PA bubbler system, the absorber solutions afe evaporated to a low volume. They
igh an ion-exchange resin to remove cations that would otherwise interfere by
ator. The purified samples are titrated‘with standard barium perchlorate solution

br of gas sampled.

edure (Automated)—Automated analysis of the sulfate samples solution is pe
matic titrator interfaced 'with a colorimeter equipped with a 20 mm pathlength ph
bck diagram of the'\colorimeter and probe is shown in Figure 18. The probe col
blength set to 520-nm and can monitor the appearance of the pink endpoint. The

fate collected in
are then passed
eacting with the
Ising Thorin and

hylene blue as indicator. The titration“is corrected for the amount of any sulfuric acid added. The

f sulfur per cubic

rformed with an
btometric probe.
brimeter has the
recorder output

is 100 mV and is-directly related to the 100 mV range of the calorimeter. The electrofic agreement of

the

W
tit

calorimeter-and titrator should be checked as follows:

ator{selector in millivolt mode).

th mitrar end off probe, set %T = 0 on colorimeter with transmittance zero, angl adjust zero on

W

th-mirror end in place and probe immersed in deionized water, set %T = 100 on

colorimeter with

absorbance zero. If the electronics are in good adjustment the pen of the titrator should be at full

SC

ale with selector switch in the millivolt mode.

For sample and standard titration, set titration rate at 7, temperature compensator at room
temperature, attenuator at 50 mV full scale and mode switch in the pH/mV position. It is important that
the position of the probe in the titration vessel be such that the solution can be stirred through the
probe without producing bubbles which result in an unstable base line.
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5.3.1.2

53.1.21
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FIGURE 18—BLOCK DIAGRAM OF THE COLORIMETER AND PROBE

<

titrant is 1 x 10" 3 N Ba (ClO,), prepared by dilutinga 1 x 10°2 N Ba (CIO,), st(
deionized water and isopropanol. Thorin indicator is prepared by dissolving 2
0-(2-hydroxy-3,6-disulfo-1-naphthylazo)-benzene-arsonate disodium salt) in 100

watgr. Five mL of 1 ~ 10°3 N H,S0, is added:fo-40 mL of isopropanol and 5 mL of

add
are
then
this

1.

bd. The pH of this solution is 3.3 and does not require adjustment. Three drops

hdded and the solution stirred until bubbles cease to form (approximately 3 min)|.

titrated and the endpoint determined from the chart such as that shown in Figurg
solution is approximately 50 ngy SO, ~/mL.

Precision—The detection Jimit of the method as described is 1.2 ny (detection i
fwice the blank value). .The reproducibility of the titration at the 50 ng level is
successive titrations of\the same standard).

Automa

Theory of Method=<This method

ed Barium Chloranilate Method

is for the determination of water-soluble sulfatg

automjobile exhaust collected on fluoro-carbon (Teflon® or equivalent) filters. The methd
may be usedfor trace sulfate analysis of any sample from which sulfates can be leache
or aguepusalcoholic solutions. It is applicable to sulfate analysis of exhaust emissions
nonleaded gasoline

ck solution 1:10
DO mg of Thorin
mL of deionized
deionized water
of the indicator

The sample is
17. The titer of

it is defined as
2.2% (for eight

bs from diluted
d is general and
d out with water
from cars run on

The filter is extracted with 60/40 isopropyl alcohol/water solution (that is, 60 mL isopropyl alcohol (IPA) +
40 mL water). This extract is fed by a high pressure liquid (chromatographic) pump, through a column of
cation exchange resin to remove cationic interferences, and then through a column of solid barium
chloranilate where BaSO ; precipitates out. An equivalent amount of reddish color acid chloranilate ion is
released and is measured colorimetrically at 310 nm. To use this method for agueous sulfate solutions,
four parts by volume of the solution are mixed with six parts of IPA before feeding through the columns.
A manual method or an automatic analytical system can be used. The detailed descriptions that follow

cover

an automated method.
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5.3.1.2.2

Apparatus Required—A schematic drawing of the principal components of the auto
shown in Figure 19. Specific items are:

a. Reservoir (LR) for the solvent (60% IPA)
b. High pressure liquid pump (LP) capable of delivering liquids at flow rates of up

mated set-up is

to 3 mL/min at

pressures as high as 6895 kPa. Most liquid pumps used in high pressure liquid chromatography

should be satisfactory.
c. Flow or pressure controller (FC)

d. Six-port high pressure switching valve (SV) equipped with interchangeable external loop (L)

e. Ultraviolet detector (D) equipped with appropriate filters to isolate a narrow band of radiation
centered at 310 mm. A microscope cover glass has been found to be satisfactory for this purpose.

f R f

g. Adtomatic sampler (AS), such as the one used for a Technicon Auto Analyzer

h. Pgristaltic pump (PP) to draw sample into sampling loop

i.

Cation exchange resin column (CS)—standard 6.35 mm OD ~ 254 mmstainle
pdcked with analytical grade Dowex 50W-X2 (or equivalent) cation exchange resin
j- Barium chloranilate column (BC)—standard 6.35 mm OC ~ 127 mm ‘stainless stee
with barium chloranilate

The sample is pumped from the columns through thermally insulated lines into the spec

In opefration the solvent (60% IPA) in reservoir (LR) is contindously fed through the catid
bariunp chloranilate columns at flow rates of about 3 ‘mL/min by the high pressu
Background absorbance is continuously measured by, the:UV detector at 310 nm and vi
on a dtrip chart recorder. The solenoid actuated air operated switching valve (SV) is u
external sampling loop (L) with samples in conjunction with the automatic sampler and
and fof injecting the sample into the columns.

At CX] cations are removed and at BC, color reaction takes place. The BaSO, precipit
the column while the acid chloranilate-is carried by the solvent through the detg
colorimetric measurement.

For anl automated sampling system such as shown in Figure 19, both SV and PP are elg
to AS |by electric relays suehithat both are activated whenever AS is sampling (that is
and mobile phase bypasses'L). At the end of the sampling cycle, PP and AS stop and
the injection mode (that.is, the mobile phase passes through L and carries sample thrg
columhs). For manual*operation, SV may be retained or replaced by a similar switching
with ah extended handle for manual switching. Samples may be introduced into the s
syringg injection-er peristaltic pump system similar to the one used in the automated sy¢

5s steel column
n hydrogen form
column packed

rophotometer.

n exchange and
re liquid pump.
sually monitored
bed for filling the
peristaltic pump

hte is retained in
ctor system for

ctrically coupled
L is being filled
SV switches to
ugh CX and BC
valve equipped
ampling loop by
tem.
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53.1.23

D Recorder

LR
BC

CX

To V\‘aste

R—LIQUID RESERVOIR

P—HIGH PRESSURE LIQUID PUMP
C—FLOW OR PRESSURE CONTROLLER
—PRESSURE MONITGR

V—HIGH PRESSURE SWITCHING VALVE
—EXTERNAL-SAMPLING LOOP
X—CATION-EXCHANGE RESIN COLUMN
C—BARIUM-CHLORANILATE COLUMN
—UVDETECTOR

M—FELOW METER

SB—~AUTOMATIC SAMPLER

DELDIGTALT I O

UV>TOWQOrr-omr —

To Waste

— LI TALT G TTUNIT

FIGURE 19—FLOW SCHEMATIC FOR AUTOMATED SULFATE INSTRUMENT

Reagents Required

Isopropyl alcohol (IPA) spectroquality grade or equivalent. Volatile solvent, safety class 1B

60% IPA. Add four parts water to six parts IPA by volume. Store in tightly capped bottle. About 3 L are

needed for a 12 h operation.
Barium chloranilate, suitable for sulfate analysis
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d.
e.

f.

53.1.24

53.1.24.1

53.1.24.2

Dowex 50W-X2 cation exchange resin (or equivalent), hydrogen form, 100 to 200 mesh

Hydrochloric acid (4 N). Add 30 mL concentrated hydrochloric acid to 60 mL deionized water.
(Danger: strong acid.)

Standard sulfuric acid (1 N). Dilute to the mark 2.8 mL concentrated sulfuric acid with deionized
distilled water in a liter volumetric flask which has been washed in 1:1 nitric acid and copiously rinsed
with deionized distilled water, standardized against accurately weighed sodium carbonate to get exact
normality, 0.1 N H,SO, is equivalent to 4800 ng/SO,~/mL. (Danger: Strong acid.)

Standard sulfate solution (1000 nmg SO,~/mL).

heated up to 105 °C for 4 h and cooled in a desiccator and dilute to 1000 mL.

Barium Chloranilate and Cation Exchange Column Preparation

Dissolve 1.4787 g sodium sulfate which has been

Bariim Chloranilate Column—In order to prepare a full column with minimum dead
two [lengths of standard 6.35 mm OD 1.47 mm wall, stainless steel tubing as shown
51 mm, a =127 mm. Connect a small funnel to the open end of B with a polyvinyl’chigride (Tygon® or
equivalent) tubing sleeve. Fill the funnel halfway with barium chloranilatecand use a
electric pencil engraver) to pack the solid in column. Continue operation until B is
Renpove funnel, plug empty space with glass wool, and cap the end with"a 6.35 to 1

Plun
resg
flow
Con

It hg
mugc
the

The
peal
acrdg
Sati

Cati
equ
at th
add
has

neufral reaction _te~pH paper.

sho
with
Clan
liqui

nb column B directly to SV in Figure 19. Connect a Tygon tubingsat A and direct

for 20 min. Deactivate pump, disconnect column from SV.\.Disconnect column A
hect a glass wool plugged 6.35 to 1.59 mm reducer toancapped end of column A

h better than the fine BCA in that the coarser material contains fewer fines. The f
column and produce excessively high column bBack pressure.

packing of the columns is very important;\especially when height responses are

ss the column. A column too.loosely packed will give reduced peak hs
factory operating pressures are inthe 6200 to 6900 kPa range.

bn Exchange Resin Column=-Add cation exchange resin, 100 to 200 mesh. Do
valent) to 80 mL of 4 N HClin a 150 mL beaker until a wet volume equivalent to 2
e bottom. Let soak fer\at least 3 h with occasional stirring using a glass rod. Deg
100 mL of deionized distilled water. Stir and slowly decant the liquid as soon as
settled down at'the bottom. Repeat rinsing procedure several times until ring
Connect two pieces of standard 6.35 mm OD stainl
vn in Figure<20 with b = 127 mm and a = 254 mm. Connect a small funnel to th
a fluorocarbon (Teflon® or equivalent) or polyvinyl chloride (Tygon® or equivaler
np the,composite tube vertically and connect the open end of A to a vacuum line
0 trap. Fill the funnel with deionized distilled water and turn on vacuum slowly un

s been found that barium chloranilate of rather codrse crystals (approximately 200

yolume, connect
n Figure 20, b =

vibrator (that is,
about half filled.
59 mm reducer.
tubing to waste

rvoir. Activate liquid pump, set flow controller at pressure drop of about 4140 WPa. Let solvent

from column B.

15 mm) works
nes tend to plug

ised rather than

areas. A column which is too tightly/acked will plug resulting in a very high pressure buildup

ight responses.

vex 50W-X2 (or
D mL has settled
ant the acid and
most of the solid
e liquid gives a
pss steel tubing
e open end of B
t) tubing sleeve.
equipped with a
il the composite

tub

is r\nmplm‘nly filled with- water Addwater until the funnel is half filled Qtnp the

acuum and add

the slurry of freshly washed resin. Let the resin settle by gravity until resin top is seen above B. Turn
on vacuum slowly, keep adding resin slurry until composite tube is completely filled. Proceed as in
5.3.1.2.4.1 beginning with the sentence: Remove funnel, plug empty space... Careful attention must
be given to complete fine removal when acidifying and packaging the resin. An isopropanol/water
solution should be pumped through the columns by the chromatographic pump before installing the
column in the complete system. This operation purges the column of fines or other material that could
affect the spectrophotometer cells.
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5.3.1.25

5.3.1.2.6

5.3.1.26.1

5.3.1.2.6.2

Calibration—Chloranilic acid is an active absorber of UV at a wavelength of 310 nm. This absorption is
nearly linear with concentration but still requires 6 to 10 standards to define a calibration curve from

which

peak height can be converted to sample concentration.

Either sulfuric acid or sodium sulfate

standards may be used. For a sulfuric acid standard, add 200 mL of 0.1 N H,SO, aqueous stock
solution to 300 mL 100% IPA in 500 mL volumetric flask.

NOTE—There is a volume decrease of about 2.7% when these proportions of water and IPA are mixed.

Dilute to the mark with 60% IPA. This is equivalent to 1920 ng SO, /mL in 60% IPA. Prepare from this
alcoholic stock solution calibration standards in the range 0.5 to 25 mg SO,~/mL by dilution of appropriate
aliquots with 60% IPA. The 0.1 N H,SO, is standardized by titration with sodium carbonate (Na,CO3)

and
all gla

rIoewi | Lo H=P=H tox Deowvnar ctondard lolb oot oy P2 TS ha+ld-ba-fallavis
Ty oTrarmg o atoT— T TOPCT STAamuair U aooUTatoTy  PToCTUOTTC S~ STTOUTO O T TUTTUVV T

ssware carefully with dilute nitric acid, followed by a copious rinse with deionized

Analytical Procedures

San

hyd
filten
four
in a

che:lnical balance.
o]

ple Preparation—Filters are weighed both before and after the sample collection
Careful attention must be given to the humidity, during these W

philic nature of the H,SO, can easily alter the resulting masses. It is importan
s under equivalent humidity conditions to provide repeatable-filter masses. This

such as rinsing
vater.

vith a four-place
eighings as the
t to stabilize the
may take up to

days at 40% relative humidity and 20 °C. With the grossdilter mass established, the filter is placed

3.0 mL polypropylene bottle which has been washed\with dilute nitric acid and

Sev

ral times and dried. The leaching solution is a 60% IRPA, 40% deionized water mi

is taken from a catalyst-car test, about one-half of the\particulate weight on the filter

to bé sulfate. Under this assumption it is possible te, determine the quantity of 60/40 is
in which to leach the filter so the resulting concentration will result in midrange analyz¢
hight-sulfate tests the original leach solution (usually 20 mL) can be re-diluted, and for
a smaller (10 mL) leach volume may be used. The samples are mixed with a test tubg

abo

Prim
with
with
pum

Allo
sam
syst
Lea

it 20 s. An ultrasonic bath also has.been used to extract sulfate from the filter.

ing System for Analytical Run=Connect the cation exchange and barium chlo
a 6.35 mm union packed(with glass wool as shown in Figure 19. Fill the solve
60% IPA. Activate the ‘liquid pump, detector, recorder switching valve, sample

0.

v the system to cycle normally to clean out all components. For this initial o
pling probe invat least 100 mL of 60% IPA. Set the liquid flow rate at about 3
em run for-at least 30 min. Then deactivate the switching valve, sampler, and
e all other components in operating mode. When background is stable at att

absgrbancerunits full scale, the system is ready for analysis.

copiously rinsed
ture. If the filter
can be assumed
opropanol/water
r response. For
low-sulfate tests
vortex mixer for

anilate columns
nt reservoir (LR)
r, and peristaltic

eration, dip the
L/min. Let the
Deristaltic pump.
bnuation of 0.01
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5.3.1.2.6.3

6.4 mm Union

Glass Wool Plug

6.4 mm to 3.2 mm Reducer

FIGURE 20—CONFIGURATION FOR LOADING COLUMN

Sulfate Analysis—Set the instrument in operating mode, remove the sampling probe from its holder,
and dip it in 100 mL 60% IPA. Let it run at a flow rate of 3 mL/min until a stable background is
obtained, then remount the sampling probe to the holder. In the meantime, pour about 5 mL of the
leach solution into a polypropylene cuvette. Cover cuvette with a polyethylene film to help prevent
changes in the isopropanol/water balance due to evaporation. Place the covered cuvette in the
automatic sampler. The probe will easily puncture the polyethylene film when sampling begins.
Sampling pattern is blank-sample-blank-sample at the rate of about 5 min per sample and blank.
Blanks are used to wash out system between samples and minimize sample overlap. One blank
between samples is adequate for dilute samples. A series of standards should be run, preferably
before sample runs to develop a calibration curve of peak height versus concentration. A control
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5.3.1.2.7

5.3.1.2.8

5.3.1.2.9

5.3.1.2.10

standard may also be run after every ten samples as a quality check on the stability of the system. The
plot of peak height (detector responses) versus concentration (mg SO, /mL) is nonlinear in the low
concentration end as would be expected from solubilities and kinetics consideration. Nonlinearity is
also observed at the upper end of the curve.

Calculations—Calculate the concentration of sulfate as ng SO,~/mL using the calibration curve. Total
soluble sulfates (SO47) in filter is given by Equation 5:

(804=) = (mg SO,=/mL)" V, " d (Eq. 5)

where:

V, = total volume of original sample extract
d = dilption factor

Example: Suppose 10 mL 60% IPA was used to extract the soluble sulfates inithe filter pnd that 2 mL of

this w
Suppd
mL) ~

Rangéq
sensit
obtain
chrom
the sq
howe

as diluted further to 6 mL with 60% IPA to bring detector response within ¢
se that the concentration of the diluted sample was found to be5 ng/mL. Then,
10 mL ~ 6/2 =150 ng.

and Sensitivity—Working concentration range and _seénsitivity depend on s
vity better than 0.5 ng (SO,~/mL) in 60% IPA and,werking range of 0 to 25 m
ed using a 0.5 mL external sampling loop injection system in conjunctio
atograph UV detector. Sensitivity may be furthepincreased by increasing the al
Ivent, as this would further decrease the solubility of BaSO, and barium chl
er, requires a much tighter control of the water/IPA ratio in the sample and in the n

ilibraEion range.
SO4 ) = (5 no/

bmple size. A
j/mL have been
h with a liquid
cohol content of
pranilate. This,
obile phase. To

minim|ze spurious results arising from wateriimbalance, it is recommended that al
leachipg solvent, and the mobile phase for\analytical runs be taken from the same b
mixture. A sample size as large as 1.5 mk has been used successfully.

standards, the
ch of IPA/water

Interfdrences—Cations interfere negdatively by reacting with the acid chloranilate to form insoluble salts.
These], however, are conveniently removed by passing the sample through a cation exchpnge resin in the
acid form. Some anions sugh’as CI', Br', F, PO,” interfere positively by precipitatifg out as barium
salts with subsequent release of acid chloranilate ions. Some buffer systems are repgrted to minimize
anion |interference. These systems are being investigated for possible inclusion inf the procedure.
Alterngtive clean-up methods are also under consideration. Fortunately, for nonleaded ¢xhaust samples
collectfed on filters;ionic interference is minimal. Interference from aromatic compoundp is minimal and
can bg minimizéd)by using a 333 nm cut-off filter in the optical path of the detector syst¢m.

PrecidionsAceuracy and Stability—With an external sampling loop of about 1.5 mL, |[and photometer
attenuation set to read 0.04 absorbance units full scale, a standard deviation of 0.05 SO, /mL has
standards containing 10 and 100
mg SO, ~/mL in 60% IPA are stable for at Ieast one month when stored in a tightly capped volumetric flask
which has been cleaned with 1:1 nitric acid and copiously rinsed with deionized water. Special
precautions must be taken to be certain the acid standards stored in glass have remained stable. If
unusual results are obtained, fresh standards should be made to check stability of stored standards.
Alternative storage containers are capped polyethylene reagent bottles. The cation exchange resin and
the barium chloranilate columns as described in 5.3.1.2.4 last for over two months. For samples known
to contain cations, it is advisable to remove these cations by external treatment with cation exchange
resin prior to injection into the sampling loop. Since the barium chloranilate column is depleted each
time sulfate samples are fed through, it is good practice to run sulfuric acid standards before and after
the sample. Exposure of alcoholic samples, standards, and solvent to the atmosphere should be
minimized since IPA solution picks up atmospheric water on standing.
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5.3.1.2.11 System Variations—Several modifications of the preceding system and procedures have been used

5.3.1.3

5.3.1.31

5.3.1.3.2

lodate Method—(This method is applicable in the presence of lead particulate.)

successfully. One such change is the ammoniation of filters and the use of ammonium sulfate
(NH,4),S0, for standards. The ammoniation of filters involves placing the sample filters in a desiccator
and drawing a partial vacuum on it. Air bubbled through ammonium hydroxide is used to bring the
desiccator up to atmospheric pressure. Sufficient ammonia is then present to react with the sulfuric acid
on the filter to form ammonium sulfate. About 1 h of ammoniation has been found sufficient for this
process. Ammoniation has been found to be very effective in permitting rapid, stable filter weight
determination. This is because the ammonium sulfate is less hygroscopic than H,SO,. Therefore,
ammoniated filters come to equilibrium in 12 h rather than up to four days required for nonammoniated
filters. While filter weights are being obtained, the room in which the filters are handled and stabilized is
maintained at 40% relative humidity. If filter weight is not required, the sample can be analyzed as soon

1 abaa—t malat
as the T rormatoTT 1S COTTPTeTeT

Other jadvantages of using ammonium sulfate include greater sensitivity due to sharpen peak response.
This i$ because of lower absorption of the ammonium sulfate on the stainless-steel lines. Also, using
ammopnium sulfate for standards preparation is more accurate and much faster,, The incfeased accuracy
is duefto the use of gravimetric rather than titration procedures. Finally,.if the’net weight of the material
on thg filter after ammoniation is compared with the amount of sulfate"found, a very rgpeatable ratio is
obseryed. Most catalyst cars tested have very little particulate emissions that are phot sulfate and,
therefpre, nearly all the weight gain on the filter is ammonium sulfate.

Another modification that has been made is the elimination-of almost all of the glasswafe in the system.
The oply exposure to glass currently is during the primary mixing of standards and in|the burettes for
measyring the leaching solution. Everything else is polypropylene or polyethylene. Tlhis includes the
standard bottles, the isopropanol/water carboy, sample bottles, and cuvettes. The reaspn for this is that
glassware use has been observed to yield erratic UV detector results, especiallyj negative peak
respomses. Other changes that have been made include the use of distilled, deionized [water instead of
simply| deionized water, the integration of peak area rather than using peak heights, and the use of a
Sartorjous six-place microgram balance-for weighing the filters and the ammonium|sulfate used in
standard preparation.

Theory of Method—This teehnique is a procedure for determining airborne particulate sulfate that is
collected on glass fiber-filters. The particulate matter is leached from the filter with § warm aqueous
solutign containing a.small amount of ammonium carbonate to eliminate lead ion ipterference. An
aliquol of this agueous solution is placed in an ethanolic matrix containing formjaldehyde which
eliminates sulfite/ion interference. To this solution, barium iodate is added. Two iodate ipns are released
for ea¢h sulfatesion. In an acid medium, 12 iodine atoms are released by iodate reactiop with potassium
iodide|as follows:

H,S0, +Ba(10;),® BaSO, +2HIO, (Eq. 6)
2HI0; + 10HCI + 10KI ® 10 KCI +6H,0 + 61,

Starch is added to produce the characteristic starch-iodine color which is measured spectrophotometri-
cally. The concentration of sulfate is calculated from the optical absorbance of the solution and the mea-
sured volume of air sampled.

Apparatus Required
a. Spectrophotometer, capable of measuring absorbance at 590 nm. Beckman Model B or equivalent

b. Absorption cell 50 mm path length
c. Erlenmeyer flask, ground glass neck, 500 mL capacity fitted with a 5 mL pipet
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5.3.1.3.3

5.3.1.34

Volumetric flasks, 25, 100, 500, and 1000 mL capacity

Pipets, Mohr-type, 0.1, 0.2, 0.3, 0.4, and 0.5 mL capacity

Pipets, volumetric, 2.5, and 25 mL capacity

Beakers, 150 mL capacity

Disposable bottles, with caps, 30 mL capacity (polyethylene bottles are convenient)

S@ oo

NOTE—AII glassware should be rinsed with methanol or ethanol before use. Acetone and/or IPA, if
present, will destroy the starch-iodine color.

Reagents and Required Materials

mL of deionized

b. Barium iodate (Ba(l03), - H,O). If unavailable from a commercial source, this compound may be
prepared as follows: Dissolve 21.4 g of potassium iodate (KIO3) in 100~mL of distilled water.
Dissolve 11 g of barium chloride BaCl, - 2H,O in water and add this solution to the potassium iodate
sdlution. Stir the precipitate well for about 1 h. Filter it through Whatman No. 1 filter|paper and wash

it several times with distilled water. Wash it twice with 95% ethanoland dry it in an oven at 110 °C for
ahout 1 h. Store it in a tightly capped jar out of direct sunlight.

c. Ethanol-formaldehyde matrix. Mix 180 mL of 95% ethanol with~60 mL of distilled water and add 0.5
ml. of formaldehyde. Prepare the solution fresh daily. Dispense it from a 500 mL Erlenmeyer flask
fitted with a 5 mL pipet. Do not substitute isopropanol for ethanol. The starch-iodie color will fade

rafidly in isopropanol solution.

I

—

d. Ethanol diluting solution. To 240 mL of pure anhydrous ethanol add 0.5 mL of formgldehyde and mix
well.
e. Hydrochloric acid, 5% solution. Mix one volume of hydrochloric acid (sp. gr. 1.1P) with nineteen
vdlumes of deionized water.
f.  Hydrochloric acid 2.5 N solution. Add\200 mL of hydrochloric acid (sp. gr. 1.19) to 600 mL of
dgionized water. Dilute the solution to T00 mL with deionized water.
0. P£assium iodide, 10% solution. Dissolve 5 g of potassium iodide (KI) in 45 mL of fleionized water.

Store the solution in actinic glassware out of direct sunlight.
h. Starch solution. To 180 ml{ of boiling deionized water containing 1.0 g of glyceripe, add 1.5 g of
sdluble starch powder which has been dissolved in 20 mL of deionized water. Add ja few crystals of
Cdl,. Cool and store_jn-a brown bottle out of the light. Should be checked daily|with a standard
sylfate solution for stability.
i. Sdlfuric acid, 0.005*N solution. Pipet 25 mL of 0.1 N standardized sulfuric acid sojution into a 500
mL volumetricAlask and dilute it to volume with deionized water. Purchase standdgrd 0.1 N sulfuric
sdlution.

j.  Filter papefy Whatman No. 40 or equivalent. If glass fiber filters are used with this apalytical method,

they require special preparation as follows: Wash the filter with 5% hydrochloric acid solution. Rinse
edch-filter thoroughly with deionized water until the rinse is no longer acid to methyl red indicator.
TF i i i i i 1h. Storeina
clean covered glass container.

Calibration—Calibration curves for this method are developed in the following way:

Into successive 100 mL volumetric flasks, each containing about 20 mL of H,O, pipet 1, 2, 3, 4, 5, and 6
mL of 0.005 N sulfuric acid solution, respectively. Add 0.5 mL of ammonium carbonate solution and mix
well. Dilute to the mark with deionized water and mix again. Into 25 mL volumetric flasks, aliquot 7 mL
of each of the above solutions, respectively, and dilute to the mark with the ethanol diluting solution. This
creates standards containing 17.2, 34.3, 51.5, 68.6, 85.8, and 102.9 ng of SO,~, respectively. Prepare a
blank by filling a 25 mL volumetric flask with the ethanol-formaldehyde matrix. Add 30 mg of barium
iodate to each flask. Shake each flask well to mix the contents and let it stand for 30 min. Filter each
standard and the blank through No. 40 filter paper as follows: Prior to filtering, rinse the filter paper with
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