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SUMMARY 

An on-line post-column reactor based on air-segmented continuous flow is described for 
the determination of phenols. The reaction used is the coupling of diazotized sulfanilic 
acid with phenols to form highly colored azo dyes. The effect of experimental parameters 
on the detector response was investigated by both univariate and simplex approaches in 
order to establish optimum reaction conditions. The aqueous reaction system is compati- 
ble with common reverse-phase solvents. The detection limit for phenol with the deriva- 
tization detector (71 Irg 1-l) shows a Is-fold improvement over U.V. detection of the 
underivatized phenol. Imprecision, based on multiple injections of sample into the HPLC 
system and measurement of the peak heights, is *0.64% (RSD). The technique is applied 
to the determination of phenols added to river water and present in residual fuel oil samples. 

A limitation encountered in modern liquid chromatography is the lack of 
sensitive and specific detectors in applications involving complex samples. 
Conventional high-performance liquid chromatography (HPLC) detectors, 
such as ultraviolet (u.v.) absorption and refractive index detectors, often lack 
the selectivity and sensitivity required for such samples. Fluorescence and elec- 
trochemical detectors can be more selective and sensitive, but they are not as 
widely applicable. These techniques can be susceptible to such interferences 
as quenching and changes in mobile-phase composition. The problems men- 
tioned above can be circumvented by reaction of the analytes to form deri- 
vatives with different and/or enhanced characteristics. The popularity of 
chemical-derivatization techniques in chromatography has increased consid- 
erably in the past decade, as reflected by the number of reviews assessing the 
current status of chemical reactor detectors in liquid chromatography [ l-l 31 
and publications reporting new applications. This rapid growth is partially 
due to the abundance of applicable selective reactions [ 14-191. Among these 
are the reactions for phenols, most of which have not been investigated for 
potential use in post-column reactor (PCR) detectors. The majority of these 
reactions yield products that can be detected spectrophotometrically. 

The reaction used in this work involves coupling between a phenol ( Ar’OH) 
and a diazotized aromatic amine (ArNlCl-) to form an azo dye [20-221. 
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The general diazotization and coupling reactions are 

ArNHz + NaNOz + 2HCl=+ ArN;Cl-+ 2Hz0 + NaCl (1) 

A.rN;Cl-+ Ar’OH + ArN=NAr’OH + HCl (2) 

The aromatic amine (ArNH2) used in this case is sulfanilic acid. The perfor- 
mance of diazotized sulfanilic acid and several other coupling reagents has 
been evaluated for 126 different phenolic compounds by Koppe et al. [23]. 
Studies by Whitlock et al. [24] and Baiocchi et al. [25] to characterize the 
reaction and to establish the optimum reaction conditions for diazotized 
sulfanilic acid have not produced consistent results. It was therefore necessary 
to undertake an extensive study of the effects of experimental conditions on 
the response. Simplex optimization was used to confirm the optimum reac- 
tion conditions. The potential of the PCR for use with reverse-phase liquid 
chromatography was investigated by studying the effects of organic solvents 
on the diazo coupling reaction. To evaluate the usefulness of the system, the 
PCR was used to quantify phenols in fuel and spiked river-water samples. 

EXPERIMENTAL 

Apparatus 
The instrumentation used is shown in Fig. 1. The main components of the 

HPLC unit were a Spectra-Physics SP8700 solvent-delivery system (Santa 
Clara, CA), a Rheodyne 7120 injection valve (Cotati, CA) with a 20-~1 sample 
loop and a Chromatronix 220 U.V. detector (Berkeley, CA). Separations were 
done on a 5-pm Spherisorb ODS column (25 cm X 4.5 mm; Alltech Asso- 
ciates, Deerfield, IL). The PCR system is a miniaturized continuous flow 
system designed in this laboratory [26-281. The peristaltic pump (Model 
IP-12, Brinkmann Instruments, Westbury, NY), used to add reagents to the 
column effluent, was modified from the original eight-roller assembly to one 
with 16 rollers for a smoother flow. A dual-channel calorimeter [27] with 
narrow-bandpass filters for wavelength discrimination was used to monitor 
the absorbance of the flow stream at 450 nm. Light was transmitted from the 
source to the calorimeter through a bifurcated fiber optic. The signal from 
the calorimeter was directed into a “bubble gate” circuit where the effect 
of the air segments was electronically removed [26]. 

As shown in Fig. 1, the sample is injected into the HPLC system where it 
undergoes separation followed by U.V. absorption detection. The column 
effluent is then directed to the PCR. The interface between the HPLC and 
PCR systems is a short piece of 0.01-m. i.d. stainless steel HPLC tubing, which 
is connected at one end to the output of the U.V. detector and at the other 
to a stainless steel reagent-addition block on the PCR manifold. The flow 
stream is immediately air-segmented by using the dual pump tube method 
described by Habig et al. [29] . Reagents are added to the column effluent via 
a 90” glass T-joint. Mixing and time delays are accomplished by means of glass 
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Fig. 1. Apparatus used for the post-column detection of phenols using an air-segmented 
continuous flow system. (1) Solvent reservoir; (2) injection valve; (3) analytical column; 
(4) U.V. detector; (5) peristaltic pump; (6) reaction coil; (7) calorimeter; (8) bubble gate; 
(9) readout device (-) Flow-stream path; (---) electrical-signal path. 

coils of various lengths. In the final stage, the stream containing derivatized 
products passes into a low-volume bubble-through flow cell (2 ~1) mounted 
on a calorimeter and then out to waste. 

Reagents 
Commercially available chemicals were used without further purification. 

Diazotized sulfanilic acid was prepared by the procedure of Whitlock et al. 
[24] with some modifications. The sodium salt of sulfanilic acid (5 mmol) 
was dissolved in 50 ml of distilled water. A lo-ml aliquot of 50 mM sodium 
nitrite was transferred to this solution and then cooled to 0°C. After the addi- 
tion of 2 ml of 2 M hydrochloric acid, the final volume was adjusted to 100 
ml with chilled, distilled water. The diazotized sulfanilic reagent was tested 
for the presence of excess nitrous acid with starch-potassium iodide paper. 
If the test was positive, either sulfamic acid or urea was added to decompose 
the nitrous acid. The reagent was transferred to an amber bottle and stored 
at 5°C. 

Standard solutions of phenol (Sigma Chemical Company) were prepared 
from a phenol stock solution (1 mg ml-‘). All other compounds used were 
purchased from Aldrich Chemical Company, Eastman Organic Chemicals, 
and K & K Laboratories. The pH of the 0.05 M sodium borate buffer was 
adjusted by the addition of HCl or NaOH. A surfactant, Brij-35 (Fisher 
Scientific Company), was added to all solutions in quantities of 0.5 ml-‘. 

Spectral-grade HPLC solvents (Burdick and Jackson, Muskegon, MI) were 
filtered through a 0.45~pm filter and degassed with helium prior to use. Water 
samples collected from the Grand River (Lansing, MI) were filtered in the 
same manner prior to injection into the HPLC system. The residual fuel oil 
samples were obtained from the National Aeronautics and Space Administra- 



tion. Sample preparation was done by sequential elution solvent chromatog- 
raphy [30, 311. This method involves the use of nine solvent mixtures of 
varying polarities to elute compounds containing different functional groups; 
each fraction is collected and the solvent evaporated to yield a concentrated 
sample. A fraction containing phenols, fraction 7, was used in this work. 

RESULTS AND DISCUSSION 

Reaction characterization 
The studies on characterization and optimization of the reaction were done 

on the miniaturized continuous-flow system without coupling to the HPLC 
unit. Phenol was used in all the characterization experiments. The effect of 
variables such as pH, reaction time, reagent-to-substrate ratio and temperature 
was investigated. The results shown are averaged values of duplicate absor- 
bance measurements. Optimization was accomplished by both the univariate 
and simplex methods. 

Univariate approach. The effect of pH on the detector response at varying 
reaction times is shown in Fig. 2. For all four curves, there are maxima at 
approximately pH 10. The general peak shapes can be explained by consider- 
ing the following equilibria: 

Ar’OH + Ar’O- + I-P pK, = 9.99 (for phenol) (3) 

ArN: = ArNzOH + ArN20- pK1 + p& = 20.96 (4) 

The color-forming reaction is an electrophilic aromatic substitution with the 
reactive species being the diazonium, ArN:, and the phenolate ions. These two 
species predominate at conflicting pH conditions. Thus, the response increases 
to an optimum and then decreases as the ratios of the reactive species change 
with pH. The length of the plateau region observed in Fig. 2 at a reaction time 
of 55 s can be varied by changing the amount of diazotized sulfanilic acid 
added. Higher precision should be obtained in this region. 

A distribution diagram for the diazonium and phenolate ions as a function 
of pH is shown in Fig. 3. Calculations involved the equilibrium constants given 
with Eqns. 3 and 4 [20, 321. The hydrolysis characteristics of the diazonium 
ion are different from those of the “classic” dibasic acids in that Kz % K1. 
Thus, individual pK values are not available and the overall pK was used in 
these calculations. The distribution diagram shows that the amounts of dia- 
zonium and phenolate ions are maximized relative to each other at pH 10.2. 
In all the following experiments, solutions were buffered at the averaged pH 
value of 10.1. 

The influence of the reagent-to-substrate concentration ratio was investi- 
gated by the addition of diazotized sulfanilic acid solutions of different con- 
centrations to the buffered flow stream containing phenol. The absorbance 
values obtained at different reaction times and reagent-to-substrate ratios are 
shown in Fig. 4. A decrease in the time required for the reaction to go to 
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Fig. 2. Effect of pH on PCR response for different reaction times: (0) 15 s; (A) 35 S; 
I=) 55 s; ( q ) 10 min. Conditions: 0.05 M sodium borate buffer adjusted to appropriate pH 
with NaOH or HCl; 30 PM phenol in borax buffer at 0.6 ml min-‘; diazotized sulfanilic 
acid at 0.03 ml min” . 

Fig. 3. Distribution diagram for diazonium, ArNi, and phenolate, Ar’O-, ions at varying pH. 
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Fig. 4. Influence of diazotized sulfanilic acid/phenol ratios and reaction times on the PCR 
signal. Ratios: (0) 0.7; (A) 1.2; (e) 2.8; (0) 6.7; (A) 12.4; (0) 27.8. 

completion was observed as the amount of reagent added was increased. 
Results indicate that the mole ratio of the diazotized sulfanilic acid to phenol 
should be > 3 for the detector to attain maximum response in less than 60 s. 

The effect of reaction time on detector response is demonstrated in Figs. 2 
and 4. These studies were done by varying pump speeds and coil lengths as 
needed to produce the desired reaction times. Figure 2 demonstrates the res- 
ponses obtained when pH and reaction time were varied. The reaction was 
97% complete when a delay time of 35 s was used and 100% complete for a 
55-s delay. Not shown is the curve obtained at 130 s, which gave the same 
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maximum absorbance as that for 55 s. When a reaction time of 10 min was 
used, secondary reactions may be taking place as evidenced by the increase 
in maximum absorbance and the appearance of a double maximum. Figure 4 
shows that the time needed for the reaction to go to completion is less than 
45 s when reagent/phenol ratios greater than 2.8 are used. Based on these 
results and considerations of throughput and sensitivity, the optimum reac- 
tion time selected was in the range 35-55 s. 

Temperature studies were done with glass reaction coils built into Plexiglas 
water jackets. A calibrated thermistor was used to measure the temperature 
of the thermostated flow stream as it left the flow cell. To prevent erroneous 
readings as air and liquid segments flowed past the thermistor, the flow stream 
was debubbled prior to measuring the temperature. The previously established 
optimum reaction conditions were used. No change in detector response was 
observed between 21.0 and 28.0%. Therefore, normal fluctuations in room 
temperature should have little effect on the absorbance signal, and thermo- 
stating is not essential. A decreased signal observed at temperatures above 
28.0% can be attributed to the increased probability of secondary reactions. 

Simplex optimization. An assumption inherent in the univariate approach 
described above is that all the variables are independent of each other. A false 
optimum may be found if this assumption is incorrect. Therefore, simplex 
optimization was used to verify the optimum conditions established by the 
univariate approach. The algorithm used was developed by Betteridge et al. 
[ 331. Results indicated that pH was the major factor influencing the detector 
response. An optimum value at pH 10.1 was found in good agreement with 
that determined by the univariate method. The effect of reaction time and 
reagent concentrations also confirmed observations made previously. 

Comparison with other reports. It should be noted that the optimum reac- 
tion conditions reported by other workers for this reaction are not entirely 
in agreement with those established here. Whitlock et al. [24] reported that, 
for phenol, the optimum pH was 8.5. A sodium hydrogencarbonate buffer 
wasused, and the reaction required 2 min for completion. Preliminary experi- 
ments done in this laboratory to characterize the reaction also used hydrogen 
carbonate as the buffer. The optimum pH found with this buffer agreed with 
that reported by these workers. However, the buffer was changed to sodium 
borate because of the poor buffering capacity of hydrogencarbonate at pH 
8.5. The two different optimum pH values obtained indicate that one or both 
buffers are not inert. Other observations made by Whitlock et al., such as the 
effect of excess of reagent and the stability period for the diazotized reagent 
are in agreement with present findings. 

Baiocchi et al. [25 ] reported an optimum pH of 11.0 in their work on pre- 
column derivatization of phenols by sulfanilic acid. In this case, sodium 
hydroxide was added to obtain the desired pH. Their reported reaction time 
was 15 min, and the optimum reagent/phenol ratio was 4O:l; both of these 
are much larger than values determined in this work. In addition, it was 
necessary to use the reagent within 10 min of its preparation. These observa- 
tions may be due to improper preparation of the diazotized sulfanilic acid. 
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If the starting compound is sulfanilic acid, rather than its sodium salt, an in- 
direct diazotization is needed [ 201; prior to diazotization, sodium carbonate 
is added to the solution containing sulfanilic acid to convert it to the water- 
soluble form. This step was not reported by Baiocchi and co-workers. 

System chamcterization 
The optimized PCR for phenols was used in conjunction with an HPLC 

apparatus with U.V. detection for system characterization. The performance 
of the PCR was evaluated with respect to its compatibility with the chromato- 
graphic conditions, band-broadening contributions, detection limit, linear 
dynamic range and precision. For all experiments, the wavelengths of detec- 
tion were 254 nm for the underivatized phenols and 450 nm for the azo 
derivatives. 

Mobile phase effects. The effect of varying amounts of common reverse- 
phase solvents on the detector response was investigated. A 100-PM phenol 
solution prepared in pH 10.1 borax buffer was continuously added to, and 
mixed with, the column effluent. The manifold used was identical to that 
shown in Fig. 1. The U.V. and PCR responses were monitored while running a 
2% min-’ gradient of water/acetonitrile or water/methanol. A drift of 1% in 
the detector signal was observed as the acetonitrile composition of the mobile 
phase spanned 0 to 80%. The upper limit was set by the solubility of sodium 
borate in acetronitrile. A decrease in the signal was observed when the per- 
centage of methanol was increased beyond 60%. This effect may be attributed 
to a combination of different factors among which are solvent polarity and 
protondonating ability. The blank signal shows no change for either solvent. 
From these results, it was concluded that acetonitrile is the more versatile 
solvent, especially for separations requiring gradient elution. Also, a slightly 
higher response was obtained for acetonitrile than for methanol. 

Chromatogmphic figures of merit. The degree of band broadening and peak 
asymmetry introduced by the PCR were examined. For the most accurate 
results, pyrogallol was used. This trihydroxy phenol is weakly retained by 
the ODS column. From the ratio of the peak widths at half height of the U.V. 
and PCR responses, the amount of band broadening caused by the PCR was 
found to be 5-20%. The peak-asymmetry factor, calculated at 10% peak 
height, showed no additional contributions from the PCR. These observations 
demonstrate the effectiveness of air-segmentation and the miniaturized 
continuous-flow instrument in limiting dispersion. 

Statistical figures of merit. The detection limit (S/N = 2) of this detector, 
based on the amount of phenol injected, is 71 pg I-‘. The molar absorptivity 
of the phenol derivative (2.25 X lo4 1 mol-’ cm-’ at 430 nm) (calculated) is 
16 times that of phenol itself (1400 1 mol-’ cm-’ at 270 nm) [ 341. The linear 
dynamic range of the reaction spanned more than two orders of magnitude, 
from 0.071 to 14 mg 1-l. The upper limit was established by deviations from 
Beer’s law which resulted from instrumental rather than chemical effects. The 
relative standard deviation, based on 15 injections of 100 PM phenol standards 
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into the chromatograph, was 0.64%. 

Applications 
The performance of the proposed detector for phenols was compared with 

that of the U.V. detector for real samples. 
River water sample. Grand River (Lansing, MI) water, collected downstream 

from a coal-driven power plant, was examined for phenols but none were 
detected. The sample was then spiked with 1.9 mg 1-l phenol, 2.2 mg 1-l 
o-cresol, 2.4 mg 1-l 3,5dimethylphenol and 2.2 mg 1-l resorcinol. The detec- 
tor responses, before and after derivatization, are shown in Fig 5(a). The 
chromatographed peaks were barely discernible by U.V. detection. The figure 
clearly demonstrates the increased sensitivity obtained when post-column 
derivatization is used. 

The class selectivity of the detector is demonstrated by the chromatogram 
shown in Fig 5(b) where the U.V. and PCR responses are compared. Here, the 
water sample was spiked with phenol, aniline, o-cresol and 3,5dimethyl- 
phenol. Ultraviolet detection of the chromatographed sample showed the 
presence of all four compounds, with aniline as a major peak. The PCR 
detector showed only three peaks which corresponded to the phenols. This is 
a result of the different optimum reaction conditions needed for coupling of 
diazotized sulfanilic acid to phenol and to aromatic amines. In addition, the 
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Fig. 5. Comparison of U.V. and PCR detection for the separation of phenols in a spiked 
river water sample (Grand River, East Lansing, MI). (a) Enhancement of sensitivity: 
(1) resorcinol, 2.2 mg 1-l; (2) phenol, 1.9 mg 1”; (3) o-cresol, 2.2 mg 1-l; (4) 3,5dimethyl- 
phenol, 2.4 mg 1-l. (b) Comparison of selectivity: (1) phenol, 18.8 mg 1-l; (2) aniline, 
19.6 mg 1-l; (3) o-cresol, 21.6 mg 1-i; (4) 3,5_dimethylphenol, 24.4 mg 1-l. HPLC: Spheri- 
sorb ODS column; acetonitrile/water (50:60) mobile phase; flow rate of 1 ml min-‘; U.V. 
detection at 264 nm. PCR: flow rates as given in Fig. 2 caption; detection at 450 nm. 
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Fig. 6. Reverse-phase separation of residual fuel oil fraction 7. Separation conditions and 
flow rates as in Fig. 5. 

column void-volume peak was not observed by the PCR detector. 
Residual fuel oil fractions. A residual fuel oil sample was separated into 

fractions of different functional-group types by sequential elution-solvent 
chromatography. The fraction containing phenols was chromatographed 
under isocratic conditions with a 50:50 acetonitrile/water mobile phase. 
Several peaks were observed in the U.V. trace as shown in Fig. 6. Only two 
peaks were evident in the PCR response. These peaks were tentatively identi- 
fied by retention times and spiking experiments to be phenol and a cresol. 
Standard-addition experiments showed that other compounds were coeluting 
with phenol and o-cresol and were not detected by the derivatization detector. 
A sample that had been spiked with 90 mg 1-l phenol showed no measurable 
change in relative peak height for the U.V. detector response and a lo-fold 
increase for the PCR response. Addition of 400 mg 1-l phenol yielded increases 
in relative peak heights by factors of 2 and 43 for the U.V. and PCR signals, 
respectively. This application shows that a potentially complicated separation 
may be greatly simplified by using a selective detector. 
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