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INTRODUCTION 

Chloride and sulfate are two potentially deleterious ions that can cause various deteriorations from corrosion of 

steel in reinforced concrete by chloride, to various forms of internal and external sulfate attacks. Methods usually 

employed for determining chloride in pore solution involve potentiometric titration with silver nitrate by using a 

chloride ion selective electrode, whereas either chloride or sulfate by gravimetry, X-ray fluorescence (XRF), atomic 

absorption spectroscopy (AAS), or inductively-coupled plasma spectroscopy (ICP). Many of these methods require 

extensive sample preparation prior to the final determination steps and a relative large volume of sample. Since 

1990s ion chromatography (IC) has become one of the most frequently used techniques for the simultaneous 

determination of anions. However, not many references are present on application of IC  for determination of 

chloride and sulfate in concrete. This study is a continuation of on-going research in out chemical laboratory on 

suitability of IC to determine chloride and sulfate in pore solutions of concrete by a relatively sample preparation 

technique were a pulverized concrete section is digested in deionized water and the filtrates from digestion is 

collected to determine water0soluble anions by IC along with potentiometric titration for chloride and XRF for both 

chloride and sulfate where XRF is calibrated with standard solutions of both anions of interest.  ASTM C 1218 was 

followed by chloride analyses by titration and ASTM D 4327 was followed for IC.  

METHODOLOGIES 

Figure 1 shows seven 2-in. (50 mm) diameter concrete cores from a parking garage selected for this study. 

Representative sections of concrete were obtained from the top and bottom locations of cores. Approximately ½ in. 

(12.5 mm) thick sections were trimmed from the top exposed and bottom fractured end of each core, then pulverized 

down to finer than 0.3 mm size in a pulverizer.  

 
Figure 1:  Seven concrete cores, after sectioning to obtain top and bottom concrete from each core for determination 
of water-soluble chloride and sulfate contents by potentiometric titration, ion chromatography, and X-ray 
fluorescence. 
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Approximately 10 grams of pulverized concrete was thoroughly digested in 100 ml deionized water first in near-

boiling temperature for 15 minutes with magnetic stirrer, followed by room-temperature digestion for 24 hours. The 

digested sample solution was then 

filtered under vacuum, first through 

two 2.5-micron filter papers, 

followed by another filtration 

through two 0.2-micron filter papers 

to collect the filtrate. The filtrate thus 

obtained was diluted to a final 

volume of 200 ml in a volumetric 

flask. Aliquots of filtrate were used 

for:  

(a) Potentiometric titration with a 

silver nitrate titrant a la ASTM C 

1218 by using Metrohm 751 DMS 

Titrino with attached 730 Auto 

Sample Processor to determine the 

chloride contents,  

(b) Anion chromatography, a la 

ASTM D 4327 for water-soluble 

fluoride, chloride, nitrate, nitrite, 

bromide, phosphate, and sulfate ions 

by using Metrohm 881 Compact IC 

Professional with attached 858 

Professional Sample Processor with 

a sodium carbonate-bicarbonate 

eluent, and  

(c) In a Rigaku NEX-CG bench top 

energy-dispersive X-ray fluorescence 

spectrometer (XRF) to determine the 

chloride and sulfate contents.  

All instruments were calibrated with standard solutions of ions of interests. Figure 2 shows sample preparation 

equipments at the top row, followed by equipments used for potentiometric titration, ion chromatography, and X-

ray fluorescence.  

Figure 2: Sample preparation and analyses of water-soluble chloride and 
sulfate ions of concrete in potentiometric titration, ion chromatography, 
and X-ray fluorescence techniques. 
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RESULTS 

Results of water-soluble chloride and sulfate contents of cores determined from potentiometric titration a la ASTM 

C 1218, ion chromatography a la ASTM D 4327, and X-ray fluorescence methods are given below: 

Core 
ID 

Location 
 

Depth 
(in. 

from 
top) 

Chloride Content (percent by 
mass of concrete) 

Sulfate Content 
(percent by mass of 

concrete) 

Average Chloride 
Content from three 

methods (% by 
mass of concrete) 

Chloride as percent 
by mass of cement 

(assuming 15 
percent cement in 

concrete) Titration IC XRF IC XRF 

B 
Floor 

Top 0.50 0.178 0.206 0.215 0.279 0.286 0.200 1.33 

Bottom 1.00 0.302 0.381 0.342 0.046 0.063 0.342 2.28 

D 
Floor 

Top 0.50 0.132 0.183 0.167 0.053 0.072 0.161 1.07 

Bottom 1.50 0.176 0.169 0.206 0.038 0.065 0.184 1.22 

H 
Floor  

Top 0.50 0.231 0.272 0.241 0.026 0.051 0.248 1.65 

Bottom 2.50 0.040 0.031 0.032 0.044 0.044 0.034 0.23 

J  
Floor  

Top 0.50 0.111 0.141 0.131 0.047 0.049 0.128 0.85 

Bottom 2.50 0.003 0.001 0.000 0.050 0.052 0.001 0.01 

K 
Floor  

Top 0.50 0.180 0.227 0.244 0.043 0.069 0.217 1.45 

Bottom 3.00 0.000 0.000 0.039 0.032 0.072 0.013 0.09 

Level 
5 

Top 0.50 0.179 0.193 0.210 1.504 1.350 0.194 1.29 

Bottom 2.38 0.006 0.005 0.007 0.028 0.018 0.006 0.04 

Level 
6 

Top 0.50 0.276 0.347 0.297 0.029 0.047 0.307 2.04 

Bottom 1.75 0.082 0.103 0.086 0.044 0.044 0.090 0.60 
Table 1: Water-soluble chloride and sulfate contents from the top and bottom locations of seven concrete cores. 

Chloride contents shown in red at the last column are noticeably higher than the common industry-recommended 

threshold chloride content of 0.2 percent by mass of cement for chloride-induced corrosion of reinforcing steel to 

occur in a concrete exposed to moisture, chloride, and oxygen.  

Sulfate contents in red at the top 0.5 in. in cores from B-floor and especially in Level 5 are noticeably higher than 

the other more or less consistent sulfate results from the cement-sulfate, and thus indicate an external source, or 

sulfate from aggregates. For Core from Level 5 the high sulfate result from the top of this core is similar to sulfates 

released from oxidation of many sulfide-bearing aggregates in concrete.  
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Figure 3: Good correlations in results of water-soluble chloride and sulfate contents of concretes obtained from 
potentiometric titration (a la ASTM C 1218), ion chromatography (a la ASTM D 4327), and X-ray fluorescence. 
Results are given in percent weights by mass of concrete.  

 
Figure 4: Correlation coefficients of chloride contents from titration, IC, and XRF.  
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Figure 5:  Potentiometric titration curves of chloride analyses (mV versus mL of AgNO3 titrant added) of filtrates from 
the top (top), and bottom ends (bottom) of cores from Floors B, D, H, and J. In all titration curves, the equivalent 
point of titration is shown by an arrow, which represents the steepest points in the curves. Chloride content is shown 
both in the data from the Metrohm Titrator as well as in red. Chloride content is determined from the equivalent 
point of titration multiplied by a factor 0.177 divided by the sample weight. 
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Figure 6:  Potentiometric titration curves of chloride analyses (mV versus mL of AgNO3 titrant added) of filtrates from 
the top (top), and bottom ends (bottom) of cores from Floors H, J, 5, and 6. In all titration curves, the equivalent 
point of titration is shown by an arrow, which represents the steepest points in the curves. Chloride content is shown 
both in the data from the Metrohm Titrator as well as in red. Chloride content is determined from the equivalent 
point of titration multiplied by a factor 0.177 divided by the sample weight. 
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Figure 7:  Results of ion chromatography of water-soluble anions (chloride, nitrate, and sulfate) of deionized water-
digested pulverized concrete from the top, and bottom locations of Cores from Floors B and D. The spikes for 
chloride show elevated chloride at the bottom end relative to top, which is also found from titration and XRF studies. 
Tables beneath ion chromatograms show results as percent by mass of concrete for anions. 
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Figure 8:  Results of ion chromatography of water-soluble anions (chloride, nitrate, and sulfate) of deionized water-
digested pulverized concrete from the top, and bottom locations of Cores from Floors K and H. The spike for chloride 
at the top end of the core relative to the interior is present but not as evident as in the other cores indicating an 
external source of chloride in the concrete. Tables beneath ion chromatograms show results as percent by mass of 
concrete for anions. 
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Figure 9:  Results of ion chromatography of water-soluble anions (chloride, nitrate, and sulfate) of deionized water-
digested pulverized concrete from the top, and bottom locations of Cores from Floors J and H. The spike for chloride 
at the top end of the core relative to the interior is evident indicating an external source of chloride in the concrete. 
Tables beneath ion chromatograms show results as percent by mass of concrete for anions. 
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Figure 10:  Results of ion chromatography of water-soluble anions (chloride, nitrate, and sulfate) of deionized water-
digested pulverized concrete from the top, and bottom locations of Cores from Levels 5 and 6. The spike for chloride 
at the top end of the core relative to the interior is evident indicating an external source of chloride in the concrete 
Tables beneath ion chromatograms show results as percent by mass of concrete for anions. 
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CONCLUSIONS 

Determining chloride and sulfate contents in concrete by three independent methods from potentiometric titration 

to XRF and IC showed good correlation of results amongst the methods. Compared to titration, IC provided not only 

water-soluble chloride and sulfate contents but also concentrations of other anions from fluoride, through bromide, 

nitrate, nitrite, and phosphate some of which may have relevance to concrete exposed to special environments (e.g., 

fluoride content for concrete containment tanks exposed to hydrofluoric acid solutions). XRF also showed promise 

not only in relatively rapid determination of chloride and sulfate in a filtrate, e.g., within 10 minutes but it also 

required very small filtrate volume of 1 to 3 mL to be placed in a liquid sample cup holder. A bench-top energy 

dispersive X-ray spectrometer (NEX-CG from Rigaku) showed excellent empirical calibration of chloride and sulfate 

standard solutions within the concentration range of interest for concrete. Required sample volume was also small 

for IC only 10 to 15 mL as opposed to around 150 mL filtrate used for potentiometric titration.  

Small sample volume of only a gram of pulverized sample to obtain a few milliliters of filtrate, relatively simple 

sample preparation involving digestion in deionized water for 24 hours followed by vacuum filtration through 

submicron filter papers, relatively rapid test result usually obtained within 30 minutes per sample, and most 

importantly having results not only of chloride but sulfate and other water-soluble anions simultaneously where 

results show good correlations to the results from titration (for chloride) and XRF (for chloride and sulfate) makes IC 

a promising technique for chemical analyses of pore solutions in concrete. Areas where IC has promising 

applications in concrete include (i) evaluating potential roles of chloride-containing deicing chemicals in concrete 

surface distress, (ii) chloride-induced corrosion of steel in concrete, (iii) potential source of sulfates in external or 

internal sulfate attacks in concrete, (iv) depths of contamination of concrete with water-soluble ions in wastewater 

containment tanks, and (v) presence of nitrate-based corrosion inhibitor in concrete.     
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