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ABSTRACT 

In the widely used potentiomet•ric titration procedure for 
the analysis of chloride in powdered hardened concrete samples, 
difficulties have often been encountered when determining the 
endpoint. These difficulties have been eliminated through the 
use of the Gran method of endpoint determination, which also 
simplifies the titrations and improves the overall precision of 
the procedure. 

Using test specimens, the accuracy of this improved poten- 
tiometric titration procedure was evaluated by comparison with 
the atomic absorption and neutron activation procedures developed 
for the same analysis. The comparison indicated that the im- 
proved potentiometric titration procedure is the simplest and 
most economical of the three, and possibly is the most accurate. 

iii 
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INTRODUCTION 

Bridge deck concrete contaminated with sufficient amounts 
of chloride to induce corrosion of the reinforcing steel does not 
always exhibit symptoms of active corrosion, because ingredients 
such as moisture and oxygen that are also prerequisite to the 
corrosion process are not present. However, such contaminated 
concrete is potentially corrosive as indicated by the common 
occurrence of previously passive but contaminated concrete de- 
teriorating around a patched area. Therefore, for the permanent 
repair of bridge decks, it is necessary to locate and remove all 
potentially corrosive concrete, in addition to the concrete ex- hibiting active corrosion, to replace these materials with new. 
concrete, and to prevent future applications of deicing salts 
from reaching the reinforcing steel. (i) 

The location of potentially corrosive concrete requires a 
chloride analysis of concrete samples taken from the bridge deck 
being considered for permanent repair. The chemical procedure 
widely use.@ for the chloride analysis of concrete was developed 
by Berman and is an adaptation of the potentiometric titration 
technique. The chloride is extracted from a concrete sample using 
nitric acid and then titrated with a standardized silver nitrate 
solution, using a chloride ion-specific electrode to aid the 
equivalence point detection. 

The precision of this potentiometric titration procedure 
had been evaluated mainly with concrete samples containing chlorid.e 
contents considerably higher than the corrosio• •hreshold value 
of approximately 0.030% CI- suggested by Clear -I and its accu- 
racy had only been estimated. Since decisions on expensive 



repairs are made on the basis of determined chloride contents 
exceeding the corrosion threshold level, it is important to know 
the reliability of the analytical procedure used, particularly 
near the corrosion threshold. Beside this question on accu- 
racy, the authors as well as others have at times experienced 
difficulty in pinpointing the equivalence point of the titration, 
especially for samples with low chloride levels or levels near 
the corrosion threshold. The authors also believe that a silver 
ion-specific electrode can be used in the titration to provide 
better results than are obtainable with a chloride ion electrode. 

The well established techniques of atomic absorption 
spectrometry and neutron activation analysis can be similarly a- 
dapted for chloride analysis of concrete samples. The authors 
believed that methods based on these techniques could be developed 
to provide, if not a better procedure, for the chloride analysis 
of concrete, at least some means for estimating the accuracy of 
the potentiometric titration procedure. 

In 
chloride 
report d 
determin 
the afor 
point of 
specific 

view of the above, an investigation at relatively low 
levels (<0.05%) was •conducted by the authors. This 

escribes" (i) the use of the Gran method of endpoint 
ation in treating titration data to successfully avoid 
ementioned difficulty of pinpointing the equivalence 

a titration; (2) the comparison between silver ion- 
and chloride ion-specific electrodes in the titration 

of d£gested concrete samples; (3) the development of two other 
procedures for chloride analysis of concrete samples that 
involved adaptations of atomic absorption spectrometry and neutron 
activation analysis; and (4) evaluation of the potentiometric 
titration procedure, as improved by the authors, and the authors' 
procedures with prepared concrete samples containing chloride 
contents lower than 0.05%. 

The term "chloride" is used in this report to identify the 
acid-soluble chemical form of chlorine .atoms which contributes 
to corrosion of reinforcing steels in Concrete, while the term 
"chlorine" identifies all the chlorine atoms that mayhe-present 
in various chemical forms, soluble or insoluble, in concrete. 

POTENTIOMETRIC TITRATION PROCEDURE 

As mentioned earlier, 
is widely used to determine 
samples. In this procedure, 

the potentiometric titration procedure 
the chloride content of concrete 

a powdered concrete sample is digested 
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with a 1-16 HNOs solution to extract the chloride. The chloride 
is then titrated with a standardized AgNO3 solution to form pre- 
cipitate of AgCl. This chemical reaction is represented simply 
as 

+ C1 + Ag ÷ AgCI+ 

By measuring the electrical potential between a chloride ion- 
specific electrode and a reference electrode as the titration 
progresses, the equivalence point can be determined and, subse- 
quently, the chloride content can be calculated. 

In the following sections, some results obtained from 
investigation of different aspects of this procedure of chloride 
analysis are presented. 

Advantaqes of Usinq the Gran Method 
in Endpoint Determination 

The equivalence point in a titration, commonly referred to 
as the endpoint, is the point of inflection of a curve (Figure i) 
obtained by plotting the electrode potential, E, against the 
volume, V, of AgNO3, solution added. Berman suggested that this 
point may usually be estimated accurately without plotting the 
curve, but only by finding the midpoint of the increment which 
produces the largest change in potential per unit volume of AgNO3 
solution added. This approach for the potentiometric endpoint 
determination, called the first derivative, or AE/AV method, is 
based on. the fact that when the sigmoid curve is differentiated 
with respect to volume, the endpoint corresponds to the volume 
of AgNO3 added that yields the maximum value of A E/AV. 

In the titration of digested concrete samples, particularly 
those with low chloride contents, the electrode potentials are 
often unstable (a range of 1 mY is not uncommon for a reading) 
around the endpoint. Since the successful use of the AE/AV method 
relies on accurate potential readings in the vicinity of the end- 
point, these unstable potential readings cause difficulty in the 
endpoint determination, which in turn leads to uncertainty in 
the determined chloride content. 

It is suspected by the authors that the fluctuating po- 
tentials in the vicinity of the endpoint arise because the level 
of CI-being sensed has been lowered, and the solubility of the 
AgCI precipitate formed becomes significant enough to slow the 
equilibrium between CI- from the sample and Ag + from the titrant. 
In addition, a simple calculation would indicate that even at 
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approximately 0.70 ml of 0.0IN AgNO3 solution before the endpoint, 
the CI- left in the sample solution is already below the recom- 
mended lower working limit of commercial chloride ion-specific 
electrodes. 

The authors believe that this difficulty in endpoint determi- 
nation can be avoided if the Gran method, which uses the com- 
parati, y•ly more stable potential readings past the endpoint, is 
used. [•) (A brief discussion of the Gran method for endpoint 
determination is given in Appendix A). To illustrate this 
point, consider the potential readings observed in an actual 
titration of a digested concrete sample shown in Table !. Notice 
that the fluctuation in potential for each reading became larger 
as the titration approached the endpoint, which was approximately 
3.5 ml titrant. With these large fluctuations, not to mention 
drift, in potential, it would, be extremely difficult to determine 
the endpoint by the AE/AV method. However, with the Gran method, 
which uses the relatively more stable potential readings (>300 mY) 
considerably past the endpoint, it is relatively easy to determine 
the endpoint as shown in Figure 2. In this titration, the endmoint 
was 3.45 _+ 0.02 ml. 

Beside makinq the endpoint determination easier, the use 
of the Gran method has the additional advantage ex•_)lained in the 
following discussion. 

Berman suggested that if the voltage read when the electrodes 
are first immersed in a digested concrete solution is less than 
65 mV below the equivalence point (this criterion may vary with 
individual titration systems), the indication is that the sample 
is of low chloride content. He indicated that in such a case 
the analyst should spike the solution with 1 or 2 ml of 0.01N NaCI 
solution before proceeding with titration to avoid extreme diffi- 
culty in determining the endpoint. (4) Since the Gran method uses 
potential readings past the endpoint, with this method it is not 
necessary to spike the sample solution as suggested by Berman, 
regardless of its chloride level. 

An experiment was performed to illustrate this additional 
benefit provided by the Gran method. A sufficient amount of a 
low chloride concrete was digested, then separate aliquots of the 
sample solution were titrated with and without the addition of a 
known amount of NaCl. After each titration, the endpoint was 
determined by the Gran method. This experiment was repeated with 
several concrete samples whose chloride contents ranged from 0 001% 
to 0.019%. The results, shown in Table 2, indicate that the 
largest observed di•fference between titrations with and without 
the addition of the NaCI solution was 0.0006% Cl-. As is shown 
later, this difference is approximately the precision attainable 
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Tab le 1 

Electrode Potentials Observed in .an Actual Titration 

ml of titrant* potential (mV) range (mV) 

0.00 + 0.01 

0.50 

1.00 

1.50 

2.00 

2.50 

3.00 

3.10 

3.20 

3.30 

3.40 

3.5O 

3.60 

3.70 

3.80 

3.90 

4.0O 

4.10 

4.20 

4.50 

5.00 

5.50 

6.00 

6.50 

7.OO 

219.1- 219.2 

222.2 222.3 

225.7 225.8 

229.8 229,9 

235.2 235.4 

242.4- 242.6 

253,8 254.4 

257.1 257.7 

260.9- 261,5 

265.1 265.5 

269.8 270.6 

273.5 274.3 

278.3 279.2 

283.2 283.8 

287.5 288.1 

291.5- 292.1 

295.5- 296.1 

299.0 299.4 

302.1- 302.5 

309.9- 310.1 

319.2- 319,3 

325.9 326,0 

331.4 331.5 

335.8 335.9 

339.5 339.6 

.i 

.i 

.I 

.1 

.2 

,2 

.6 

.6 

.6 

.4 

.8 

.8 

.9 

,6 

.6 

.6 

,6 

.4 

.4 

.2 

.i 

.i 

.i 

,i 

,i 

*0.00993N AgN03 solution. 
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by incorporating the Gran method in the potentiometric titration 
of concrete for chloride analysis, and is therefore insignificant. 
In terms of the net milliliters of AgNO3 needed, (Column 4 in 
Table 2) the average difference is 0.02 ml, which is the precision 
with which one can read the volumetric scale in the Gran plot 
paper. 

Finally, it is worthwhile to mention that with the Gran 
method the titration can be performed faster than when using the 
•E/AV method. With the latter method, the analyst has to observe 
the rate of change in potential reading with every 0.i ml 
increment of AgNO3 added at the vicinity of the endpoint, while 
with the Gran method it is necessary to obtai.n only a few po- 
tential readings, in 0.5-ml increments, past the endpoint to define 
the straight line needed for extrapolation to the endpoint (see 
Figure 2) 

Comparison Between Chloride 
and Silver Ion-Specific Electrodes 

Until now the chloride analysis of concrete samples by 
potentiometric titration reported in the literature has involved 
the use of only the chloride-ion specific electrode. The silver 
ion-specific electrode is an alternative electrode that can be 
used for the same purpose. The sensing membranes in silver and 
chloride ion-specific electrodes are different. In the former, 
the membrane is pressed from crystalline Ag2S, while in the 
latter, it is pressed from a mixture of crystalline Ag2S and 
AgCl. This difference in the membrane materials provides some 
.differences in the •orking ranges of the electrodes and the types 
of ionic species that can interfere in the electrode's performance, 
with the silver ion-specific electrode being susceptible to 
fewer interferences.-(5) In view of the differences cited, a 
comparison of the performances of the electrodes was attempted 
as an adjunctive study. 

Several concrete samples were made from different combi- 
nations of cements and aggregates, and sufficient amounts of the 
samples were extracted with. HN03 and filtered by the procedure 
described by Berman. To compare the electrodes, aliquots from 
each sample solution were then titrated using- the two electrodes 
separately. 

The chloride contents determined by using each type of 
electrode are given in Table 3 for comparison. It should be men- 
tioned that each of the chloride content values listed is the 
average of 4 to 5 multiplicate titrations. The observed abso- 
lute differences between the two electrodes range from 0.0000 to 
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0.0018% CI-, with an average of 0.0005% Cl which is approximately 
the precision attainable with potentiometric titration using the 
Gran method for endpoint determination, as shown in a later. 
section. Except. for the maximum difference of 0.0018% CI-, the 
others were all insignificant at the 95% confidence level when 
analyzed with the student's t test. (6) These findings indirectly 
indicate that the two electrodes probably provide comparable 
accuracies. To compare their precisions, the standard deviations 
(not shown in Table 3) for all sets of multiplicate analyses were 
calculated and averaged for each type of electrode. The silver 
ion-specific electrode yielded an average standard deviation of 
0.0003% against 0.0005% for the chloride ion-specific electrode, 
which indicates no significant difference between their precisions. 

The above comparison 
probably not significantly 
and precision. Nevertheless, it 
this study there was an instance 
showed no indication of malfuncti 
reality of a titrant (0.01N AgNO• 
0.01N NaCI solution, but when thi 
thereafter used in the titration 

indicates that the two electrodes are 
different •ith regard to their accuracy 

must be mentioned that during 
in which the chloride electrode 
on when used to check the nor- 
solution) against a standard 
s electrode was immediately 
of a concrete samp!e of known 

chloride content, an erroneous en 
titrations yielded-the same endpo 
true endpoint and, in te_rms of pe 
large error of 0.007% Cl based on a 2.5-g sample. 
that the sample was what it was supposed to be, a 
specific electrode was used in titrating the same 
this test yielded the correct endpoint, as shown i 
It can only be assumed that such a performance by 
ion-specific electrode in a concrete acid extract 
standard NaCl solution was due to eventual poisoni 
electrode 
ionic spe 
the inter 
that the 
of known 
solution, 
such an error. 
obtained with 
However, since 
interferences 
authors would 

dpoint was obtained. Repeated 
int, •zhich was 0.50 ml from the 
rcent chloride, represents a 

To be certain 
silver ion- 
concrete sample; 
n Figure 3. 
the chloride 
and not in a 

ng of the 
's sensing membrane by yet unsuspected interfering 
cies in the extracts after accumulated use Whatever 
ference mechanism may have been, the authors suggest 
analyst should check an electrode with a concrete sample 
chloride content, instead of with on.ly a standard NaCI 
prior to titration of unknown concrete samples to avoid 

The possibility of such erroneous readings being 
a silver ion-specific electrode cannot be ruled out. 
the silver ion-specific electrode has less known 

than the, chloride ion-specific electrode, the 
recommend using the former. 

Reproducibility of the Analysis Employing Gran Method 

A reproducibility test was performed to endpoint detection 
by the Gran method in the ti•trations of ten different concrete 
samples. In the test, a sufficient amount of each sample was 

ii 
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extracted and filtered in accordance with the procedure described 
by Berman. Then five aliquots, each containing an approximate 
2..5g-sample, from each sample solution were titrated in the 
presence of a silver ion-specific electrode and the Gran method 
was used to determine the endpoints. The results (Table 4) showed 
that the maximum standard deviation was only 0.0004% CI-, while 
the average was 0.0003% Cl-. A similar reproducibility test 
performed with the identical sample solutions on the "titration 
procedure described by Berman, which employed the AE/AV method 
of endpoint determination, gave a maximum standard deviation of 
0.0013% CI-, while the average standard deviation was 0.0006% Cl- 
This comparison obviously indicates that the Gran method is two 
to three times more precise than the AE/AV method, a finding that 
is in agreement with reported results of a critical survey of 
the various methods most frequently used to evaluate the end- 
point from potentiometric titration data. (7) 

The overall reproducibility of the entire improved chloride 
analysis procedure (described in detail in Appendix B), which 
included the extraction process, potentiometric titration, and 
endpoint determination by the Gran method, was also determined. 
Each of two concrete test samples was divided into five portions 
and a chloride analysis was performed on each portion. The average 
overall standard deviation obtained was 0.0005% Cl- (Table 5), 
•hich represents considerable improvement over the 0.005% CI- 
reported by Berman. 

ATOMIC ABSORPTION PROCEDURE 

In this section a procedure which the authors developed 
for the analysis of chloride in concrete by atomic absorption 
spectrometry is discussed. 

The orbital electrons in the atoms of an element can exist 
at different discreet energy states which are. characteristic of 
its atomic structure. A transition from the ground electronic 
state to an excited energy state can be induced with the ab- 
sorption by the atoms of light whose wavelength corresponds to 
the energy difference between the two energy states. Atomic 
absorption spectrometry is, therefore, based on the measurement 
of the amount of light absorbed, at a wavelength characteristic 
of a particular element, to provide a quantitative measure of 
the concentration of that element. 

The most common light source used is the hollow-cathode 
lamp, whose cathode contains the element of interest. Because 
a light source is not available for chlorine, the determination 
of chlorine in a material must be done indirectly. This can be. 

13 
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Table 4 

Reproducibility of the Gran Method of Endpoint Determination 
in Chloride Titration 

Concrete 
sample 

2-L-3 

2-L-4 

2-L-5 

2-L-6 

2-W-3 

2-W-4 

2-W-5 

2-W-6 

2-P-4 

2-R-4 

Aliquot 1 

0.0081 

0.0133 

0.0197 

0.0268 

0.0137 

0.0242 

0.0343 

0.0426 

0.0288 

0.0219 

Chloride content, % 

Aliq uot 2 

0.0081 

0.0140 

Aliquot 3 

0.0083 

0.0133 

Aliquot 4 

0.0087 

0.0136 

0.0196 

0.0259 

0.0139 

0.0239 

0.0343 

0.0422 

0.0295 

0.0222 

0.0198 

0.0261 

0.0141 

0.0234 

0.0347 

0.0422 

0.0288 

0.0219 

0.0194 

0.0261 

0.0137 

0.0239 

0.0339 

0.0432 

0.0290 

0.0217 

Aliquot 5 

0.0089 

0.0136 

0.0201 

0.0259 

0.0139 

0.0238 

0.0340 

0.0425 

0.0295 

0.0217 

Average 

Range, % 

0.0008 

0.0007 

0.0007 

0.0009 

0 .0004 

0.0008 

0 .OOO8 

0.0010 

0.0007 

0.0005 

0.0007 

Std. D 
-% 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

14 
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Tab le 5 

Reproducibility •of the Entire Potentiometric Titration Procedure for 
Chloride Analysis of Concrete 

Concrete 
sample 

Chloride content, % 

porti on 1 

0.0236 

0.0439 

portion 2 

0.0244 

0.0432 

portion 3 

0.0237 

0.0439 

portion 4 

0.0232 

0.0431 

porti on 5 

0.0239 

0.0444 

Average.. 

Ran ge, 
% CI- 

0.0012 

0.0013 

0.0013 

Std. dev. 
% el- 

0.0004 

O.OO05 

0.0005 

15 
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done by precipitating the chloride in a sample solution by the 
addition of a known and excess amount of silver ion. Then, the 
amount of either the unreacted silver ion or the precipitated 
silver ion is measured by atomic absorption spectrometry. From 
either quantity, the amount of chloride in the sample can be 
stoichiometrically calculated. 

Development of Procedure 

In using the measurement of the amount of unreacted silver 
ion for the indirect determination of the chloride content in a 
concrete sample solution, it is necessary to match the matrix of 
standard solutions of silver ion to that of the sample solution 
in order to eliminate error due to a matrix effect. Because of 
the difficulty in matching the matrices, the. authors opted 
instead to use the amount of reacted silver in the AgCl precipitate 
formed for the indirect measurement of chloride in their initial 
attempt. In this approach, the precipitate has to be separated 
from the acid extract of a concrete sample and be redissolved with 
an NH•OH solution before the reacted silver can be measured. 
However, problems caused by the dissolved concrete matrix were 
encountered in achieving quantitative filtration of the precipitate. 
Because of the problems, a distillation procedure adapted from 
the literature w?• •@veloped for separating chloride from the 
concrete matrix. 

In the procedure, the chloride is transformed and vaporized 
from the ground concrete as HCI and C12 by boiling in concentrated 
nitric acid. These gases are then collected by passage through 
a scrubb'ing solution composed of 10% NaOH and 2% As•_O•, after 
which the solution is acidified and the chloride is precipitated 
by the addition of excess AgNO•. The AgCI precipitate is then 
filtered and redissoived in an ammoniacal solution, which is 
followed by the determination of the reacted silver by atomic 
absorption. (Appendix C describes the procedure in detail.) 

Initially the scrubbing solution used was Agl'{O•. However, 
it was found that the efficiency of this scrubber was 50% at 
best; presumably, because the C12 was not being absorbed. 
Consequently, the scrubber composed of 10% NaOH and 2% As20• and 
described by Thompson and Oakdale(9) 

was tried and found to be 
quite efficient. The chlorine is probably absorbed in the 
following manner(10) 

2 
C1 + OH + C1 + HOCI 

HOCI + OH ÷ H20 + OCI 

16 



Then, the arsenic trioxide reduces the hypochlorite ion by (II) 
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A•203 + 20Cl- 
÷ As2Os + 2 Cl- 

while the hydrogen chloride reacts with the sodium hydroxide to 
form sodium chloride, which dissociates in the aqueous scrubber 
and thereby provides efficient collection of the chloride 
volatilized from the concrete sample heated in concentrated 
nitric acid. 

To determine the reproducibility of the procedure, several 
powderedconcrete samples were analyzed in multiplicate for 
chloride. Table 6 shows that the averaged standard deviation was 
0.0006% CI-, which is comparable to that reported in the previous 
section for the potentiometric titration procedure. However, the 
atomic absorption procedure is slightly less consistent between 
samples, as indicated by the variation in the standard deviations. 
Nevertheless, even the poorest reproducibility observed for the 
procedure compares favorably with that reported by Berman for 
the original potentiometric titration .procedure. 

Table 6 

Repeatability of the Atomic Absorption Procedure 
for Chloride Analysis of Concrete 

Concrete 
sample 

Chloride content, % 

0.0077 

0.0128 

0.0170 

0.0104 

0.0219 

0.0305 

0.0422 

portion 1 portion 2 

0.0076 

0.0130 

0.0184 

0.0120 

0.0212 

0.0310 

0.0400 

portion 3 

0.0074 

0.0125 

0.0176 

0.0106 

0.0213 

0.0316 

0.0412 

Average 

Ran ge, 
% Cl- 

0.0003 

0.0005 

0.0014 

0.0016 

0.0007 

0 ..00 Ii 

0.0022 

0.0011 

Std. Dev. 
% Cl- 

0.0002 

0.0003 

0.0007 

0.0009 

0 0004 

O.OO05 

0.0011 

0.0006 
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NEUTRON ACTIVATION ANALYSIS PROCEDURE 

Neutron activation analysis (NAA) is another well established 
technique that can be adapted for chloride analysis of concrete. 
It is a nuclear method of elemental analysis wherein a sample is 
bombarded with neutrons to transform the element(s) being analyzed 
into radioisotopes, which are then identified and meas.ured quan- titatively. For the analysis of chlorine, the natural isotope of 
37CL is transformed by neutron bombardment to 3sCL, which emits 
1.64-MeV and 2.16-MeV garm.na rays and has a half-lif.e of 37.3 rain. 
This radioisotope of chlorine is related to the amount of its 
precursor isotope by 

D. N.o. % (i e (i) 
1 1 1 

where 

D. the radioactivity of 3sCL present at the end of 
l bomb ardmen t, 

N i the number of 37CL target nuclei in the sample 
matrix, 

•. the cross section of •TCL (n,r) •sCL reaction, 
1 

% the neutron flux to which the sample matrix was 
exposed, 

I. the decay constant of the radioactive 
l and 

•sCL produced, 

t the bombardment time. 

All other parameters being equal, the amount of 38CL produced in 
a sample during the bombardment is directly proportional to the 
amount of its precursor isotope 37CL. Therefore, by comparing 
the radioactivities of the •CL from a sample and a standard, 
both being irradiated under identical conditions, the chlorine 
content in the sample can be determined. Neutron activation 
analysis is the most sensitive means for the detection of the 
majority of the elements of the periodic table, andits ap- 
proximate interference-free limit of detection for chlorine has 
been calculated by Buchanan (12) to be 0.i ug with irradiation of 
1-hour or less in a thermal neutron flux of 1.8 × i0 •2 n/cm2_sec. 

Preliminary work on the application of N•_A in the analysis 
of chlorine in concrete has been reported by Clear, who indicated 
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that their results, although not conclusive, showed that NAA has 
a potential as a means of rapidly determining the chlorine 
content of concrete. In view of it•• potential, the authors in- 
cluded the investigation of NAA as a means for chlorine analysis 
of concrete in this study, with •the main objective of using the 
technique to evaluate the accuracy of the potentiometric titration 
and the atomic absorption procedures. 

Development of Procedure 

The authors' initial experiment involved determining whether. 
a purely instrumental NAA procedure, based upon multichannel ganm•a 
ray spectrometry, which is rapid and nondestructive, can be used 
satisfactorily to analyze chlorine in concrete samples. In the 
experiment, several portions (0.3 to 0.4g) of each of 5 concrete 
test samples were transferred to small snap-cap polyethylene vials 
that were closed by heat sealing with a soldering iron. The vials 
were then irradiated for 1 minute in a constant geometry by a 
themnal neutron flux of 101 • n/cm2-sec in the 2-megawatt research 
reactor at the University of Virginia The irradiated materials 
were not counted until approximately 30 minutes after irradiation 
in order to allow background radioactivity, due to some short- 
lived radioisotopes, to decay.. Each vial was counted for 20 minutes 
at a distance of 50 cm away from a Ge(Li) detector connected to 
a ki•cksort 4096-channel pulse height analyzer. 

Table 7 shows the averaged chlorine contents and the averaged 
uncertainty in the results obtained from multiplicate analyses of 
each of five test samples. The presence of such radioisotopes as 2•Na 27Mg, 28AI, •K, SITi and s•Mn contributed toward high back- 
grounds that made chlorine determination difficult. This diffi- 
culty is evident in. the high uncertainties, shown in Table 7, 
which ranged from ± 119% to -+ 22% and generally decreased with 
higher chlorine contents. These uncertainties are higher than 
those •.reported earlier by Clear, whose preliminary analyses were 
conducted under slightly different irradiation and counting con- 
ditions. 

Another series of test samples, which were made of aggregate 
different from that used in the above series, was also irradiated. 
However, the background radioactivity was extremely high and it 
was virtually impossible to determine the chloride content. 

These difficulties indicate that if satisfactory results 
are to be obtained with the NAA procedure, post-irradiation radio- 
chemical separation of chlorine must be incorporated. Consequently, 
a modified NAA procedure employing post-irradiation separation was 
developed. (This procedure is discussed in detail in Appendix D.) 
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Briefly, it involved irradiating 5 ml of a nitric acid extracted 
solution of a concrete sample with thermal neutrons, followed by 
separation of the radioactive •sCL through precipitation with an 

AgN03 solution. Prior to the a•dition of a slight excess of 
AgN03 solution, a small amount of NaCI solution was added into 
the radioactive sample solution to provide bulk to the would-be 
formed AgCI precipitate for easy filtration. The precipitate 
formed was then filtered from the solution and its radioactivity 
measured. 

This procedure provided effective separation of the sought 
for •sCL from other interfering radioisotopes and resulted in a 
tremendous improvement in the analysis. The improvement is evi- 
dent in the results presented in Table 8, where the observed 
average weighted uncertainty of ± 3.04% is better than the best 
value of _+ 22% reported above for the instrumental procedure and 
the values of -± 5% to _+ 15% reported by Clear. The various ranges 
of chloride contents observed, which provide a measure of the 
procedure's reproducibility averaged 0.0004% CI'-. This value is 
comparable to those reported previously for the potentio••etric 
titration and atomic absorption procedures. It is worth•zhile to 
mention that the first three sa:•:ples in Table 8 were a few of the 
samples for which the researchers previously had f.ailed even to 
estimate chloride contents by the instrumental procedure because 
of interference from other radioisotopes. 

It must be emphasized that since it uses an acid-extract 
of a concrete sample, the procedure determines the acid-soluble 
chloride content of the sample. 

Tab le 7 

Summarized Results for Chlorine Ana].ysis 
of Concrete by Instrumental Neutron Activation Analysis 

Concrete Number of 
sample analysis 

Avg. chlorine content 
% by wt. 

Avg. 
uncertainty, % 

1 4 0.0031 

2 9 0.0071 

3 5 0.0160 

4 8 0.0204 

5 5 0.0275 

+ 96 

_+119 

_+ 37 

-± 25 

_+ 22 
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Tab le 8 

Chloride Analysis of Concrete by Neutron Activation Analysis 
Employing Post-Irradiation Radiochemical Separation 

Concrete Analysis 
s amp i e numb e r 

Weigl•ted 
Chloride content uncertainty, 

% by wt. % 

Range of 
chloride 

con ten ts, 

W-3 1 0.0160 +1.76 

2 0.0162 _+2.24 

3 0.0156 _+5.33 0.0006 

1 0.0327 1.94 

2 0.0330 2.59 

3 0.0330 3.52 0.0003 

W-6 1 0.0397 2.01 

2 0.0402 1.85 0.0005 

L-5 1 0.0177 5.84 

2 0.0179 3.31 0.0002 

Average _+3.04% 0.0004% 

COMPARISON ON THE ACCURACY OF THE THREE 
PROCEDURES FOR CHLORIDE ANAI,YSIS 

Two Series of concrete specimens were prepared- 
a siliceous aggregate and one a carbonaceous aggregate. 
series there was a blank wherein no chloride was added, 

one us ing 
In each 

and the 

21 



1236 

rest contained chloride in increments. The specimens were analyzed 
for chloride in multiplicate, using the three procedures discussed 
Previously. The results, shown in Table 9,• indicated that poten- 
tiometric titration provided the smallest average absolute differ- 
ence, or error, of 0.0005% CI-, compared to 0.0020% Cl- and 
0.0019% CI-, respectively, for atomic absorption and neutron 
activation. 

In Figures 4, 5, and 6, the corrected chloride contents as 
measured by the three procedures are plotted separately against 
the chloride added in the specimens. It is shown by Figure 4 that 
the results from potentiometric titration clustered around the 45 ° 

dashed line, which indicates excellent agreement and no discernible 
aggregate effect. 

Figure 
efficie 
from th 
the AgC 
atomic 
aggregate present in the con 
istence of two separate line 

For atomic absorption, the measured chlorides were con- 
sistently lower than the chloride added. This discrepancy, which 
averaged approximately an 11% loss in chloride (Table 9 and 

5), is probably due to a combination of less than 100% 
ncy in the distillation process which separates the chloride 
e concrete matrix and a chloride loss in the filtration of 
1 precipitate. In addition, to yielding lower results, the 
absorption is apparently affected by the nature of the 

crete samples, as indicated by the ex- 

s in Figure 5. It appears that the 
effect of the particular siliceous aggregate used was more con- 
sistent, in terms of differences from the four chloride values, 
than that exhibited by the carbonaceous aggregate used. 

Some aggregate effect was also observed in the results 
obtained by the neutron activation procedure. However, the effect 
appeared to be more pronounced with this procedure than with the 
other procedures. Figure 6 shows that neutron activation yielded 
positive errors at relatively low chloride contents and negative 
errors at relatively high chloride contents. Possibly, this finding 
indicates the combined effects of two contributing factors- 
(I) the background contributions from previously mentioned inter- 
fering radioisotopes, which would cause positive error in the 
measured chloride contents, and (2) the absorption of radioactive 
•sCL by the wall of the vials in which the sample solutions were 
irradiated, which would cause negative error. Although the in- 
corporation of post-irradiation chemical separation in the pro- 
cedure significantly reduced the first type of interference, 
apparently it still caused errors ranging from 0.'0007% to 0.0027% 
Cl- for the low chloride concrete specimens tested. It should be 
noted that the first type of error is more pronounced with 
specimens containing the siliceous aggregate, which has more of 
the elements that produce the interfering radioisotopes in its 
composition, does than the carbonaceous aggregate. The second type 
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Figure 5. Analysis of chloride in prepared concrete 

specimens by atomic absorption procedure. 
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of interference, which increases with increased chloride content, 
can possibly be reduced by the use of relatively expensive quartz 
containers that may provide less permeation for the 38CI. The 
use. of a quartz container was not attempted, because it is thought 
that the neutron activation procedure is already relatively 
expensive to a point that precludes its popular use and the 
potentiometric titration procedure appears to be ideal. 

CONCLUSIONS 

From the preceding presentation, the following conclusions 
can be drawn. 

I. In the improved potentiometric titration procedure for 
the analysis of chloride in concrete, the use of the 
Gran method of endpoint determination eliminates the 
difficulty in deterTnining the endpoint as caused by 
unstable potential readinms in the vicinity of the 
endpoint. 

2. The Gran method also eliminated the need to spike 
solutions of low chloride concrete samples with a 
known amount of chloride before titration. 

3. The use of the Gran method of endpoint determination 
improved the reproducibility, or precision, of the 
potentiometric titration procedure. 

4. There was no significant difference in the results of 
titrations using silver and chloride ion-specific 
electrodes, when both electrodes functioned 
properly. 

5. A malfunction of a chloride ion-specific electrode was 
observed. It was detected only by checking the electrode 
with a titration of a known concrete's acid solution. 

6. The improved potentiometric titration procedure pro- 
vided the best agreement with the concrete test speci- 
mens, and the most economical and simple means for 
chloride analysis as compared with the atomic absorption 
and neutron activation procedures. It also exhibited 
no discernible effects by the two different types of 
aggregates, siliceous and carbonaceous, used in the 
test specimens. 
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The atomic absorption procedure provided satisfactory 
precision. However, it exhibited an aggregate effect 
and yielded measnred chloride contents consistently 
lower than the known chloride contents, with the 
observed differences ranging from 0.0003% to 0.0040% 
CI-. If such errors are tolerable, the atomic ab- 
sorption procedure may be used for chloride analysis 
when a potentiometric titration apparatus i.s not 
available. 

The neutron activation procedure exhibited pronounced 
aggregate effects. It yielded, measured chloride 
contents differing from the known contents by -0.0041% 
to +0.0027% CI-. It is also the most time-consuming 
and expensive of the three procedures tested. 

RECOMMENDATION 

In view of the above conclusions, it is recommended that the 
Gran method of endpoint determination be incorporated in the 
potentiometric titration procedure. Its use will improve the pro- 
cedure and provide possibly the most accurate means for the 
analysis of chloride in hardened concrete. 
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APPENDIX A 

GRAN METHOD OF ENDPOINT DETERMINATION 

In the discussion below, the Gran method is applied to the 
potentiometric titration of Cl-with Ag +, in which AgCI pre- 
cipitate is formed. 

Before the equivalence point is reached, the concentration 
of CI- in the solution is related to the amount of Ag + added by the 
simple expression 

C'V C V 
a a t t C 

a V + V 
a t 

(3) 

where 

C concentration of C1 in solution, 
a 

•' initial concentration of Cl- in solution, "a 
+ 

"t concentration of Ag in the titrant, 

£a initial volume of analyte solution, and 

£t volume of titrant added. 

The electrode potential is related to the molar activity of chloride, 
Acl_, by the Nernst equation 

where 

RT in A (4) E = K- •-- cl- 

E electrode potential, 

K constant determined by formal potential and junction 
potential, 

R the universal gas constant, 

T temperature in Kelvin, and 

F the Faraday cons tant. 



In dilute solution the activity approaches the concentration, so 
that 

E K- 
R__T in C (5) 
F a 

Substituting Equation 3 into Equation 5, we-get 

 C ] R_•T in a a 
tVt 

(6) E K F [ V 
a 

+ V 
t 

which relates the electrode potential, E, to the volume of titrant 
added, V t. This can be rearranged to yield 

F (K-E) 
2.3RT 

(V + Vt)'10 C'V CtV (7) 
a a a t 

F 
2-.-3R• K-E 

which indicates that a plot of (V 
a 

+ V t) -i0 versus V 
t 

should give a straight line. Since at the equivalence point, all 
the chloride ions have been precipitated so that C 0, then 

a 

C'V C V 0 
a a t e 

This corresponds to the intercept of the straight line with the 
horizontal axis and the value of V t, at this point, is the end- 

point of the titration. A similar analysis can be made after the 
endpoint is passed, in which case 

(V + V t) I0 
a 

F 
• (E-K) 

plotted against V t- 

Orion Research Incorporated of Cambridge, Mass., has developed 
a "Gran's Plot Paper", shown in Figure A-I, which eliminates the 
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need for calculating the complicated 

(V 
a 

+ V t) i0 

F 

term and enables the analyst te plot the measured electrode potential 
against the volume of titrant directly. 

In the titration of the acid-soluble chloride from concrete, 
the potential readings after the endpoint, i.e., >300mY for the 
authors' titration system, are plotted against the titrant volume 
to determine the endpoint. A plot of a potentiometric titration 
using a Gran's plot paper, is shown in Figure 2. Since these readings 
are more stable the..n those in the vicinity of endpoint, this method 
of endpoint determination has a better precision and accuracy than 
the AE/AV method. 
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APPENDIX B 

POTENTIOMETRIC TITRATION PROCEDURE 

1251 

Reagents 

2. 
3. 
4. 

Concentrated HNO3 
Sodium chloride, NaCl 
Silver nitrate, AgNO 
Standard 0.01N 
standard again 
is standardize 
weigh out 0.58 
transfer quant 
Make up to the 
Standard 0.01N AgNO3 
reagent grade AgNO•, 
and mix thoroughly. 
b.01N NaCl solution. 

reagent grade (primary standard). 
reagent grade. 

NaCI solution. Used as a primary 
st which the titrant, a 0.01 AgNO• solution, 
d. Dry NaCl in an oven at i05°C. Cool, 
44 gram, dissolve in distilled H20, and 
itatively to a l-liter volumetric flask. 
mark with distilled H20 a.•d mix. 

solution. Weigh 1.7 qrams of 
dissolve in one liter distilled 
Standardize with the standard 

Apparatus 

l 

3 
4. 
5. 

Silver ion-specific electrode and manufacturer 
accessories. The authors p•cefer this electrode 
chloride ion-specific electrode. 
An Accument 520 pH/ion meter manufactured by Fisher 
tific Company. 
Magnetic stirrer and teflon-coated stirring bars. 
Burette with 0.I ml graduations. 
Gran's plot papers, manufactured by Orion Research, 

recommended 
over the 

Scien- 

Inc. 

Procedure 

The improved potentiometric titration procedure is briefly 
described by the flow chart shown in Figure B-I. The only signifi- 
cant difference from the orig-inal procedure developed by Berman is 
in the titration part. Because the Gran method of endpoint determi- 
nation is used in this improved procedure, only several readings 
of potential and titrant volume are necessary; therefore the titration 
is simple and fast. 

Weigh to the nearest milligram a 2.5-gram powdered sample 
representative of the material under analysis. Add I0 ml of 
distilled H20, swirl to bring the powder into suspension. Add 3 ml 
of concentrated HNO• with continued swirling for a few minutes. Break 
up any lumps with a stirring rod and dilute with hot H O to 50 ml. 

2 
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P•D 

WEIGH TO t•£AP,•T 
•..5-g PO•DEPED SAMPLE 

ADD I0 ml DISTILL}D 
H20 

SWI,•L SAMPLE 
SUSPENSION 

ADD ml CONC. HNO•; 
COh•f h%• SWXRLIN• 

BRh'AK UP. LL•S 
IF 

DILUTE W/HOT 
H20 TO 50 ml 

BOIL FOR I0 -_in ON 
L 

HOT PL•.•E (:,•. H=-AT F 

FILTER., I:;TC 
250-'-1 

DRCP C:F 

hATE 

COOL TO ROCM 

IN T• FIL•nATE 

•D TITP&NT L2•TIL 
=300 mV 

RECORD AND V AT FIRST 
CO•ENIENT R}•INC OF t. 

•D FIVE 0.5-ml PORTION:; OF TITRA:•, 
EACH TI• RECOEDfNG •;D 

Figure B-I. AnaIysis .of chl•ride in hardened concrete with 
the improved potentiometric titgation procedure. 
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If the solution is not acidic .at this point, add only enough HNO3 
to produce a red color with methyl orange. 

Heat the mixture to boiling on a hot plate at medium heat and 
gently boil for about i0 minutes, covering the mixture with a 
watch glass. Meanwhile, prepare the filter papers to be used. The 
filter papers recommended are the Whatman 50 series, which are washed 
with HN03 since the other papers have been found to contribute 
chloride in the analysis. A combination of a medium porosity paper 
under one of high porosity is most suitable. 

Decant the clear solution into the filter paper and collect 
the filtrate in a beaker with a stirring bar. Wash the residue in 
the beaker twice with distilled water from a 

•ash bottle. Transfer 
the residue into the filter paper. Wash the residue on the filter 
paper thoroughly several times with hot water. Allow the filtrate 
to cool to room temperature. Place the beaker on a magnetic stirrer, 
then submerge the ends of the silver ion-specific electrode and a 
reference electrode in the solution. Start stirring. 

Add titrant from a burette until the. potential reading is ap- 
proximately 300 mV (This potential corresponds to that region at 
which a straight line starts to form in a Gran's plot, as shown in 
Figure 2, .for the t±tration system used by the authors.) Then, at 
the very first convenient titrant volume (V t) reading, record the 
poten£ial (E) and V Add five 0.5-ml increments of titrant, each 
time recording E 

an• V t. Plot these six pairs of E and V.t in a 

Gran's plot paper (shown in Figure A-l) to determine the endpoint, 
then calculate the chloride content of the sample by the simple 
expression 

where 

% Cl 3. 5453 NV 

N = the normality of the standard solution, 

V the volume of Ag}•O3 
endpoint, and 

solution, in ml, added up to the 

W the weight of the sample in grams. 

The authors recommend running a blank determination as a 
correction for the determined endpoints. 
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ATOMIC 

APPENDIX C 

ABSORPTION PROCEDURE 

Reagents 

All 

l 

chemicals used are of reagent grade. 

Scrubber Solution- To i00 mls of distilled water add 
2 grams Arsenic Trioxide (As20•) and I0 grams NaOH. 
The arsenic trioxide is not readily soluble and requires 
stirring for 15 minutes to effect dissolution. The 
scrubber is not stable against oxidation by molecular 
oxygen and should be prepared fresh daily. 
Distilling Medit•n- Reagent grade concentrated nitric 
acid is used. 

+ Standards- A i00 ppm Ag stock solution is prepared from 
i000 ppm Fisl•er "certified" silver standard. Appropriate 
dilutions of 
2.0, and 3.0 
are matched 
samples. 
1500 ppm A• + 

in liter of 

the stock solution are made 
ppm Ag + working standards. 

in ammonia concentration to 

solution Dissolved 
distilled water. 

to give 1.0, 
These standards 

that of the 

3N NH 4OH :• 
molar) to 
2% HNO 

3 molar) to 

2.3621 gm of AgNO3 

Dilute 200 ml of concentrated NH•OH (14.8 
1 liter. 
Dilute 20 ml of concentrated HNO3 (16.4 
1 liter. 

Apparatus 

Distillation- 
shown in Figure C-I. 
acid to the concrete 
funnel. This preven 
cence created by the 
carbonates present i 
nitrogen through the 
transfer of the dist 
Filtration- Filtrat 
vacuum through a fri 
of 4 to 5.5 microns. 
filtration apparatus 

A diagram of the distillation apparatus 
The addition of concentrated nitric 

samples was done through an addition 
ted. any losses due to the efferves- 
reaction of the acid with the 

n the sample. A gentle flow of 
apparatus provided an efficient 

illates to the scrubber solution. 
ion of the precipitate was done under 
tted glass filter with a pore size 

Figure C-2 is a diagram of the 
used. 



1256 

Clamp 

Addition Funnel•\ !i 
\ | .•-Water-Cooied 
\\\ Condenser 

Ground 
Glass 
Joint 

• Not 
Commercially 
Available 

(125 m! Erle•Eneyer) 
40 mls 

il 
• 

Gas •:•..¢ • • •i 

Glass 
Condenser 
Tubing 

(0.25 Inch O.D.) 

Figure C-I. A distillation apparatus 
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Glass Filtering 
Crucible 

•och Tubing 

No, 5 Rubber Stopper--• 
One Hole 

Fritted Glass 
Pore Size 4-5.5 um 
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Figure C-2. Filtration apparatus. 
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Procedure 

The procedure is briefly described by the flow diagram in 
Figure C-3. Approximately 5 grams of sample are weighed to the 
nearest milligram and transferred into the distillation flask. 
The distillation apparatus is then assembled. A 40-ml solution 
of concentrated HN03 is transferred to the addition •unnel from 
a graduated cylinder. The acid is then slowly added to the 
distillation flask. (The rate of addition depends on the type 
of aggregate in the concrete sample. For carbonaceous aggregate, 
the addition of acid should be slow enough to avoid too rapid 
evolution of C02, which would sometimes cause the acid to flow 
up into the condenser. For siliceous aggregate, the acid could 
be added relatively faster.) 

Nitrogen flow is started at a flow rate. of approximately 
I00 ml/min. Then the mixture in the distillation flask is heated 
to gentle boiling, and continued for 45 minutes. (A violent boiling 
will cause some nitric acid to distill over into the scrubber 
solution and render it ineffective.) After the distillation, the 
scrubber flask and the condenser are removed in that order, then 
the inside wall of the condenser is rinsed several times with small 
portions of deionized water; the rinsings are-collected in the 
scrubber flask. 

The scrubber solution is then neutralized slowly with 50% 
nitric acid solution using pH paper to test acidity. The inside 
wall of the scrubber flask is washed with deionized water and an 
excess of the 1500-ppm Ag + is added into the flask. (For a 5-g 
sample with less than 0.05% CI-, 6 ml of 1500 ppm Ag + will provide 
an excess.) The flask is swirled gently to ensure mixing and then 
heated to just under boiling for 45 minutes in a dark place to 
coagulate the AgCl precipitate. The flask is then covered with a 
watch glass and allowed to sit in the dark overnight. 

The filtration described below should be performed under sub- 
dued light since the precipitate undergoes decomposition in the 
presence of ultraviolet light. The filtration apparatus is assembled, 
after which the content of the scrubber flask is slowly and 
quantitatively transferred into the filter crucible. When all the 
liquid has passed through the filter, any small amount of precipitate 
that may have adhered to the wall of the filter crucible is washed 
down to the filter with a few milliliters of 2% HNO3. Then, the 
precipitate collected in the filter is washed repeatedly with three 
4-ml portions of 2% HNO•. (The 2% HNO• is used to prevent pepti- 
zation of the precipitate that would result if distilled water was 
used.) 

The crucible is removed from the holder, the undersize of 
which is washed with a few milliliters of deionized water from a 
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Figure C-3. The atommc absorption procedure for analysis 
of chloride in concrete. 



wash bottle and the crucible is placed on a clean holder and 
filter flask. Fifty milliliters of 3N NH•0H are then added in 
two portions to the filter crucible •to dissolve the precipitate, 
with the washings being collected in the filter flask. The 
cruicible is removed from the filter tube and its underside rinsed 
with deionized water. The filter tube is similarly rinsed. All 
washings are collected in the filter flask. 

The collected ammoniacal solution is then transferred quanti- 
tatively to a volumetric flask and appropriate dilutions are made 
such that the silver concentration lies within the linear working 
range of the atomic absorption spectrometer. In those cases where 
different dilutions are made, the ammonia contents of those di- 
luted solutions are adjusted to correspond to that of the least 
diluted solution by. addition of appropriate volumes of 3N NH4OH. 

The spectrometer is then calibrated with the standard silver 
solutions. This is followed by the sample solutions in order to 
determine their silver concentrations. The chloride content of 
the concrete sam.ple is then calculated by 

where 

C × V ] 
% Cl- 3 287 × i0 -s ::ag 

w 
(8) 

CAg concentration of Ag in t/]e an•aoniacal solution in 
• g/ml, 

V total volume of the ammoniacal solution in ml, and 

W weight of concrete sample in grams. 
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APPENDIX D 

NEUTRON ACTIVATION ANALYSIS PROCEDURE 

The acid extract of a ground concrete sample is analyzed for 
chloride by neutron activation analysis. The discussion below 
includes a radiochemical separation procedure which was used to 
improve the precision and accuracy of the technique. .Figure D-I 
is a flow diagram of the procedure used. 

Reagents 

CI- standard: 
standard KCI di 
CI- carrier- 1 
reagent grade K 
AI, Mn, l'[a, K c 
The A1 and Mn p 
dissolved in H• 
reagent grade s 
Ag + solution" 
grade AgNO3 dis 
Flux wires- Re 

i00 ppm C! prepared from primary 
ssolved in HzO. 
0 mg/ml Cl- solution prepared from 
Cl dissolved in H•O. 
arrier- I000 ppm in AI, Mn, Na, K. 
repared from reagent grade metal 
SO•. The Na and K prepared from 
alts (nitrag.es) 
50 mg/ml Ag +-, PrePared from reagent 
solved in H20. 
agent grade iron wire was used. 

Apparatus 

S amp I e 
I. D. polyethylene tubing 
24 hours with 25% HNO• to 
Irradiation facility- The 
the 2-megawatt University 
The flux of this facility 
neutrons/cm •- sec. 
Filtration apparatus- The 
illustrated in Figure D-2. 
porosity paper, 2.3 cm in 

container- The samples were heat sealed in .5-inch 
that had been leached for 
remove any residual chlorine. 
samples were irradiated in 

of Virginia Researc•Reactor. 
is approximately I0 

filtration device used 
The filter paper was 

diameter. 

is 
a fine 

Counting system- The samples were counted 4 inches above 
a lithium-drifted germanium detector. The detector was 
coupled to a kicksort 4096-channel pulse height analyzer, 
with .5-kev. resolution. 

Procedure 

The flow diagram in Figure D-I briefly describes the pro- 
cedure. Five milliliters of an acid extract containing 2.5 g 
sample/100 ml were heat sealed in 0.5-inch I. D. polyethylene tubing. 
A 5-ml aliquot of the 100-ppm Cl- standard solution was similarly 
encapsulated. Each of the sealed capsules was then. wrapped with a 
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Figure D-I. The neutron activation procedure for analysis 
of chloride in concrete. 
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6-inch length of iron wire (the wires were used for flux correction). 
Then the capsules were taped into a bundle and placed in an alumi- 
num irradiation container and lowered into a flux trap of the 
research reactor of the uniye•rsity of virginia for a 30-minute 
irradiation at a flux of i0 neutrons/cm-sec. After the ir- 
radiation, the container was taken out of the flux trap and 
allowed to cool in the reactor pool for 1 hour. 

The capsules were taken out of the container and each flux 
wire removed and marked for later use. Each capsule was cut open 
and the content transferred to a beaker, then washed with 3 mls 
of the I0 mg/ml Cl- solution and 6 mls of 6N HNO3, with each wash 
being collected in the beaker. An additional 2 mls of the chloride 
solution was added. (The 50 mg of chloride added served as a 
carrier for the radioactive z sCl and also provided bulk to the 
AgCl precipitate formed later.) Then 3 mls of the AI, Mn, Na, K 
carrier solution were added, followed by the slow addition of 
4 mls of the 50 mg/ml silver solution to precipitate the chloride. 
(The carrier solution added reduced through isotopic exchange the 
amount of radioiso-topes of AI, Mn, Na, and K that may become 
occluded in the precipitate.) The solution was allowed to sit 
for i0 minutes in a dark place, to enable the precipitate to 
coagulate. 

Meanwhile, the filtration apparatus was assembled. The filter 
paper was washed with 6N HNO3 followed by distilled water, ethanol, 
and ethyl ether. It was then dried at 70°C for 20 minutes, allowed 
to cool in a dessicator and then weighed. The washed paper was 
placed on the filtration apparatus into which the precipitate was 
quantitatively transferred and collected. The precipitate was 
then washed with deionized water, ethanol, and ethyl ether; dried 
at 70°C for I0 minutes, cooled, and weighed. 

The filter paper and the precipitate were mounted on a card- 
board holder and counted for 20 minutes at a distance of 4 inches 
from a Ge(Li) detector. For 3scl, the two gana•a radiations of 
interest were of 1.64 MeV and 2.17 MeV, and the radioactivities 
for both radiations were recorded and used separately for calcu- 
lation of the chloride concentration in the acid extract, which 
is given by 

S F 
s b CCI C b •-- •--- (9) 
b s 
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where 

= concentration of chloride in sample CCl 
in •g/ml, 

acid extrs•e 

C b = standard solution"s Chloride 
•g/ml, 

concentration, in 

S 
s 

= 
specific activity of sample precipitate, in 
Counts/mi n- gm, 

S b specific activity of 
Counts/min-gm, 

standard" precipitate, in 

F b 
specific activity of standard flux wire, in 
Counts/min-gm, and 

The 

F specific activity of sample flux wire, in 
S Counts/rain-gin. 

chloride content of the g,round concrgte sample is calculated by 

C 
C % CI- _•i× i00 

C 
S 

where C concentration 
•g/ml. SThe two chloride 
activities from the two 
chloride ,con tent of the 

of the sample in the 
contents calculated 

gamma radiations were 
sample. 

(i0) 

acid extract, in 
from using the radio- 
averaged to yield the 




