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6 In situ measurement of pH in liquid 
7 chromatography systems using a 
8 colorimetric approach 
9 Gabriel Leme,*a Benjamin Madigana , Joseph Eikensa, David C. 

10 Harmesa, Douglas Richardsonb, Peter Carrc and Dwight Stolla

11 In liquid chromatography differences between the pH of an injected sample 
12 and the pH of the mobile phase can have a significant impact on retention 
13 times, peak widths, and resolution. When the injection volume is small 
14 relative to the column volume this is typically not a problem. However, when 
15 the injected volume  becomes large enough there will be a zone of sample 
16 that travels through the column without mixing with the surrounding mobile 
17 phase, and thus the pH of this zone will be that of the sample rather than the 
18 column eluent itself. We  have studied situations like this in detail, specifically 
19 in the case of two-dimensional liquid chromatography where the composition 
20 (pH and concentration) of the first dimension eluent which carries the sample  
21 is quite different from the second dimension eluent  into which it is injected. 
22 In this paper we describe a colorimetric approach for the in situ determination 
23 of the pH in LC systems thus enabling more detailed studies of pH changes at 
24 different points inside the system. We find that this approach is 
25 complementary to existing technologies for inline pH measurement (e.g., ion 
26 selective electrodes) in that it can be implemented with a UV detector, can 
27 be used at high pressures, is easy to use, and is sufficiently reproducible to be 
28 useful in this context.

29

30 Introduction
31 Mobile phase pH is an important method parameter in liquid 
32 chromatography (LC) separations for many different types of 
33 analytes ranging from small molecule pharmaceuticals (e.g., 
34 ibuprofen) to proteins (e.g., immunoglobulins)1. The mobile 
35 phase pH can affect the ionization states of both analytes and 
36 stationary phases, and cause increases or decreases in retention 
37 depending on the functional groups and particular retention 
38 mechanism involved (e.g., reversed-phase, ion-exchange, etc.).

39 In our research on two-dimensional liquid chromatography (2D-
40 LC) we have become acutely aware of the potential for 
41 mismatch between the pH conditions of the first (1D) and 
42 second dimension (2D) mobile phases to negatively affect the 
43 performance of 2D separations2. In conventional one-
44 dimensional LC (1D-LC) injection volumes are typically 
45 reasonably small relative to the volume of the LC column itself 
46 and injected samples quickly mix with surrounding mobile 
47 phase  after they are injected into the column. However, in 2D-
48 LC the volume of 1D effluent injected into the 2D column is often 
49 a significant fraction of the void volume of the 2D column itself, 
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50 and can even exceed the 2D column volume. In these cases, 
51 mixing of the sample pulse with the 2D eluent can be quite 
52 incomplete, and from the point of view of analytes injected into 
53 the column, the sample solvent effectively is effectively the 
54 mobile phase, at least for a short period of time. From a 
55 mechanistic point of view, a more interesting case is one in 
56 which the injected sample is on the order of 10% of the column 
57 volume. In this case, the injected volume is too big to mix 
58 quickly with the surrounding mobile phase, but not so big that 
59 the zone of pH corresponding to the sample buffer persists all 
60 of the way to the column exit. In a case like this we would like 
61 to answer the question – what is the mobile phase pH profile 
62 inside of the column as a function of length between the column 
63 inlet and exit?

64 Inline pH measurement cells based on the same principles as 
65 benchtop pH meters (i.e., ion selective electrodes) are 
66 commercially available for LC systems and deployed in cases 
67 where real-time determination of mobile phase pH is valuable3. 
68 Previous work in the area of supercritical fluid chromatography 
69 (SFC) has demonstrated the utility of pH indicator dyes for 
70 determination of apparent pH in eluents typically used in SFC, 
71 namely supercritical carbon dioxide and small molecule 
72 modifiers. The ability to determine pH in situ in the case of SFC 
73 is particularly useful because the properties of SFC eluents are 
74 obviously very different under the operating conditions of the 
75 chromatography (e.g., several hundred bar of pressure) than 
76 they are at ambient pressure where most pH measurements are 
77 made. Wen and Olesik measured UV absorption spectra of 
78 several pH indicator dyes dissolved in mixtures of carbon 
79 dioxide and eluent additives using a high pressure UV flow cell4. 
80 More recently, West and coworkers measured UV absorbance 
81 spectra of several indicator dyes following injection of the dyes 
82 into flowing SFC eluents with the goal of determining the effects 
83 of various SFC eluent modifiers on the apparent eluent pH5. This 
84 group used Principal Component Analysis to calculate the 
85 apparent pH based on changes in the spectra of the dyes. 

86 In our work described here we have studied the use of a 
87 universal pH indicator solution (i.e., a cocktail of pH-sensitive 
88 dyes) to determine the mobile phase pH in situ at specific points 
89 in a LC system. This approach is different from previous work 
90 and based on the work of Blair and co-workers that described 
91 the use of the hue of a solution (calculated mathematically from 
92 absorbances of red, green, and blue light) to determine solution 
93 pH under static (i.e., no convective flow) conditions6. 
94 Specifically, we have used this approach to determine the local 
95 pH at the inlet and outlet of LC columns under different 
96 conditions. This complements the previous work of Olesik and 
97 West in that it enables precise determination of changes in local 
98 pH over distance (i.e., location between injector and detector) 
99 and time under chromatographically meaningful conditions. 

100 The potential advantages of this colorimetric approach over the 
101 use of electrode-based cells in this context include: 1) very fast 
102 response – response is limited by the acquisition rate of the 
103 spectroscopic detector used to determine the hue of the mobile 
104 phase at the point of measurement; 2) pH can be determined at 
105 high pressures – the pressure limit of the measurement is 

106 limited by the detection cell of the spectroscopic detector (e.g., 
107 cells with 400 bar capabilities are commercially available); 3) 
108 less extra-column peak broadening - typical UV-Vis absorbance 
109 flow cells are much smaller in volume than electrode-based 
110 flow cells; and 4) a dedicated measurement cell is not required 
111 – hue of the indicator solution can be determined using an 
112 existing UV absorbance detector.

113 Materials and methods
114 Solvents, salts and solutions

115 Water was purified in-house using a Milli-Q water purification 
116 system (Billerica, MA). Ethanol (HPLC grade), phosphoric acid 
117 (85%), sodium phosphate monobasic monohydrate, sodium 
118 phosphate dibasic, sodium phosphate dibasic heptahydrate, 
119 sodium phosphate tribasic dodecahydrate, sodium hydroxide 
120 (50% w/w), sodium chloride (≥99%) and benzylamine (99%) 
121 were obtained from Sigma-Aldrich (St. Louis, MO) and used as 
122 received. Universal pH indicator solution was obtained from 
123 Ricca Chemical Company (p/n: 8870-15, Arlington, TX). 
124 A working solution of pH indicator was prepared by diluting 
125 5 mL of the solution as purchased with 157 g of ethanol and 793 
126 g of water (1:200, v/v). Buffer solutions were prepared as 
127 follows. A pH 3 mobile phase solution was prepared by 
128 dissolving 13.8 g of sodium phosphate monobasic monohydrate 
129 in approximately 800 mL of water. The pH was measured using 
130 a glass electrode (Orion 8101BNWP ROSS Half-Cell Electrode, 
131 from Thermo Scientific (Waltham, MA), calibrated using pH 1.68 
132 and 4.00 standards, VWR, West Chester, PA; p/n BDH5006-
133 500mL and p/n BDH5022-4L, respectively) and adjusted to 3.0 
134 by adding 225 μL of phosphoric acid (85% w/w), and then the 
135 volume was finally brought to 1.00 L by adding water. The pH 
136 7.0 mobile phase solution was prepared by dissolving 4.5 g of 
137 sodium phosphate monobasic monohydrate, 18.0 g of sodium 
138 phosphate dibasic heptahydrate and 5.8 g of sodium chloride in 
139 approximately 800 mL of water. The pH was measured using a 
140 glass electrode (calibrated using pH 4.00 and 7.00 standards, 
141 VWR, West Chester, PA; p/n BDH5022-4L and p/n BDH5050-4L, 
142 respectively) and the volume was brought to 1.00 L by adding 
143 water. The pH 2 calibration solution was prepared by dissolving 
144 2.1 g of sodium phosphate tribasic dodecahydrate and 1.7 g of 
145 phosphoric acid in 1 L of water. The pH 11 calibration solution 
146 was prepared by dissolving 2.1 g of sodium phosphate dibasic 
147 and 5.7 g of sodium phosphate tribasic dodecahydrate in 1 L of 
148 water. The pH was measured using a glass electrode. The 50 
149 mM sodium carbonate mobile phase was prepared by dissolving 
150 5.30 g of sodium carbonate in 1.00 L of water; the 10 mM 
151 phosphoric acid was prepared by adding 1.15 g of concentrated 
152 phosphoric acid (85% w/w) to 1.00 L of water. All of these buffer 
153 solutions were filtered through a 0.2 μm nylon filter membrane 
154 before use. 
155
156 Analytical instrumentation and columns
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157 The chromatographic system employed for the experiments 
158 was composed by modules from the 1200 series from Agilent 
159 Technologies (Waldbronn, Germany): a 1260 Bio Quaternary 
160 Pump (Model G5611A), a 1290 Binary Pump (Model G4220A), a 
161 Binary Pump SL (Model G1312B),  a Diode-Array Detector (DAD) 
162 (Model G4212A, 1 µL flow-cell) and two multiport valves (Duo-
163 valve and 6-port/2-position, p/n 5067-4214 and p/n 5067-4117, 
164 respectively) installed in a Flexible Cube module (model 
165 G4227A.) The Duo-valve was set up with two nominally identical 
166 sample loops (i.e., matched pairs of 7, 40, 80 or 120 μL). 
167 OpenLab Chromatography Data System (C.01.07), with a 2D-LC 
168 add-on (rev. A.01.04), was used to control the instrument. 
169 Absorbance signals were acquired from 190 to 650 nm and the 
170 signals at 636, 520 and 452 nm were exported to .CSV files for 
171 further processing. The acquisition rate was 40 Hz. Agilent 
172 Buffer Advisor (rev. A.01.01) was employed to establish the 
173 buffer composition needed to produce the pH gradient needed 
174 for the calibration of hue vs. pH as shown in Figure 3. 

175 XBridge Protein BEH SEC columns (30 mm x 4.6 mm i.d., 1.7 
176 µm) from Waters (Milford, MA) were connected in series to 
177 make a SEC column with a total length of 90 mm. A Poroshell 
178 HPH C18 column (50 x 2.1 mm, 2.7 μm, Agilent Technologies) 
179 was used for the benzyalmine analysis. 

180
181 Methods

182 Hue vs. pH Calibration. Using the Buffer Advisor software, a method 
183 for a pH gradient from 2.4-10.4 was developed as follows: pH 2.4 from 
184 0-10 min, increasing in steps of 0.2 pH and held at each step for 5 min 
185 (10 to 200 min), pH 10.4 from 200-215 min. At the beginning of an 
186 analysis the six-port valve shown at the lower left of Figure 1 was set 
187 as it is shown in the figure, so that the indicator dye would flow to 
188 waste. This enabled setting of the baseline absorbance to zero at the 
189 beginning of each analysis in a reproducible way. Then, at 3 min, the 
190 six-port valve was switched allowing the indicator dye to mix with the 
191 mobile phase through a “T-piece” and reach the detector. The flow-
192 rate was 0.9 mL/min for the mobile phase and 0.1 mL/min for the 
193 indicator dye, so that the total flow exiting the T-piece was 1.0 
194 mL/min (unless stated otherwise). These experiments were carried 
195 out at ambient temperature (~ 23 °C).

196 INSERT FIGURE 1 HERE

197 Figure 1. Instrument setup employed for calibration of hue vs. pH.

198
199 in Situ Measurement of pH under Chromatographic Conditions. 
200 Mobile phase pH was determined immediately before and after 
201 chromatography columns used in two very different situations. As an 
202 example, one of these is shown in Figure 2. In this particular case the 
203 system under study is the second dimension of a 2D-LC system where 
204 the 1D mobile phase is buffered at pH 3 and the 2D mobile phase is 
205 buffered at pH 7. As the figure is drawn the pH is being determined 
206 post-column in this case. The pH can be determined pre-column by 
207 simply removing the column and connecting the pre-column capillary 
208 to the T-piece. Aside from the addition of the column, the setup and 
209 its use is similar to that shown in Figure 1 and discussed above. The 
210 flow-rate was 0.5 mL/min for the mobile phase and 0.05 mL/min for 

211 the indicator dye, so that the total flow exiting the T-piece was 0.55 
212 mL/min (typically, the ratio of mobile phase and indicator flow rates 
213 was 10:1). Typically, the ratio of mobile phase and indicator flow 
214 rates was 10:1. As with the conditions for the hue vs. pH calibration 
215 each method used here started with the six-port valve diverting the 
216 indicator dye to waste to establish a baseline absorbance of zero at 
217 the beginning of the analysis. Then, at 0.5 min, this valve was 
218 switched to direct the indicator dye to the T-piece and joining the 
219 mobile phase flow. In the case of the configuration shown in Figure 
220 2 that was used to mimic the second dimension of a 2D-LC system,  
221 the two-position/eight-port valve connecting the pH 3 and pH 7 
222 buffer streams was set to start switching at 2 min with 1 min intervals 
223 (modulation time). The results were plotted using 1 min scale 
224 considering the valve switch as time zero.

225 The second chromatographic system studied in this work was similar 
226 to that shown in Figure 2, with the following exceptions: 1) Instead 
227 of the two-position/eight-port valve, sample injections were made 
228 into the mobile phase and column under study using a conventional 
229 autosampler; 2) The mobile phase flowing through the column was 
230 buffered at pH 11.5 with 50 mM sodium carbonate in water, at a 
231 flow-rate of 0.5 mL/min, and the injected sample was 10 mM 
232 phosphoric acid in water.

233 INSERT FIGURE 2 HERE

234 Figure 2. Instrumental setup employed for in situ pH measurement 
235 under real LC conditions. (A) Initial condition with the indicator dye 
236 diverted to waste; (B) Indicator dye is combined with the mobile 
237 phase after the LC column. In this position the contents of Loop 1 are 
238 injected and travel through the column. (C) In this position the 
239 contents of Loop 2 are injected.

240
241 Data Processing

242 Solution hue (H) was calculated at each point in chromatographic 
243 time using Eqn. 1, where R, G, and B are the absorbances of red (636 
244 nm), green (520 nm), and blue (452 nm) light, and max and min are 
245 the greatest and least absorbance values for the set of three 
246 wavelengths at each time point6.

247 Eqn. 1𝑯 = {( 𝑮 ― 𝑩
𝒎𝒂𝒙 ― 𝒎𝒊𝒏 + 𝟎)/𝟔 ;  𝒊𝒇 𝒎𝒂𝒙 = 𝑹

( 𝑩 ― 𝑹
𝒎𝒂𝒙 ― 𝒎𝒊𝒏 + 𝟐)/𝟔;  𝒊𝒇 𝒎𝒂𝒙 = 𝑮

( 𝑹 ― 𝑮
𝒎𝒂𝒙 ― 𝒎𝒊𝒏 + 𝟔)/𝟔;  𝒊𝒇 𝒎𝒂𝒙 = 𝑩

248 The technical details associated with the establishment of the 
249 relationship between hue and pH are described in Methods section. 
250 Representative absorbance data for the calibration process are 
251 shown in Figure 3A. Four calibration curves for hue vs. pH are shown 
252 in Figure 3B. These curves were acquired on different days with two 
253 different batches of indicator dye solution. Calibrations #1-3 were 
254 acquired with mobile phase and indicator flow rates of 0.90 and 0.10 
255 mL/min., respectively. Calibration #4 was acquired with mobile 
256 phase and indicator flow rates of 0.945 and 0.055 mL/min. 
257 Calibration #1 was acquired with the first batch of indicator solution, 
258 and calibrations #2-4 were acquired with a second batch. We 
259 observe that the shape of the calibration curve is nominally 
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260 independent of the mobile phase/indicator flow rate ratio, as 
261 expected, which is practically convenient.

262 INSERT FIGURE 3 HERE

263 Figure 3. pH profile used during calibration of hue vs. pH and the 
264 resulting absorbance (A) and hue profiles (B) calculated using Eqn. 1. 

265 Results
266 The objective of the method described here is to measure pH as a 
267 function of time at different physical locations inside of a 
268 chromatograph. We refer to the resulting data as “pHgrams”. Figure 
269 4 shows the pHgrams obtained in the scenario where pH 3 buffer is 
270 injected into a pH 7 mobile phases as shown in Figure 2. Panel A 
271 shows the results for four different injection volumes ranging from 7 
272 to 120 µL. Panel B shows the pHgrams obtained at the outlet of a 90 
273 mm x 4.6 mm i.d. SEC column (1.7 µm; the 90 mm length is composed 
274 of three 30 mm long segments coupled together). Panel C shows four 
275 replicates of the pHgrams obtained at the column outlet for the 120 
276 µL injection. It is striking that for all injection volumes except 7 µL the 
277 local mobile phase pH at the column inlet dips all of the way down to 
278 pH 3. This suggests that at the level of 7 µL there is sufficient mixing 
279 of the injected fluid with the surrounding mobile phase between the 
280 injection valve and the measurement point that the injected pH 3 
281 buffer is almost entirely neutralized by the pH 7 mobile phase. On 
282 the other hand, for the larger injection volumes the length of 
283 connecting tubing occupied by the injected sample is simply too large 
284 to allow complete physical contact of the two buffers and a zone of 
285 pH 3 buffer persists all of the way from the injection valve to the 
286 detection point. This observation is consistent with studies of 
287 injection profiles made under other conditions7,8. Turning to Panel B 
288 we see that the pHgrams are very different from those in Panel A. 
289 The zone of low pH is considerably wider in time units because it has 
290 been broadened by dispersion inside the column. The bigger 
291 difference is that the minimum pH in the center of the injected 
292 sample does not drop all of the way to 3 as it does at the column 
293 inlet. We believe this is due to incomplete neutralization of the pH 3 
294 buffer by pH 7 mobile phase as the injected pulse travels through the 
295 column which acts as a static mixer (albeit a poor one!). Although 
296 there is a measureable difference between the pHgrams obtained at 
297 the inlet and outlet of this column, these results clearly show that 
298 analytes injected in a large (i.e., > 20 µL) sample may experience pH 
299 conditions below 4 for the entire time they are in the column, unless 
300 there is a mechanism to retain them and pull them out of the plug of 
301 injected buffer as it travels through the column. Residence time at 
302 low pH should be considered during method development for 
303 compounds that are pH sensitive. 

304
305 INSERT FIGURE 4 HERE

306 Figure 4. pH profiles showing the pH variation measured at the inlet 
307 (A) and outlet (B) of a 90 mm x 4.6 mm i.d. SEC column for different 
308 injection volumes, and (C) four replicate measurements at the outlet 
309 for 120 µL injections..

310

311 Results from a second scenario where a sample buffered at pH 2.4 is 
312 injected into a mobile phase buffered at pH 11.5 are shown in Figure 
313 5. Whereas in the previous example only blank buffer solutions were 
314 injected, in this case the sample contained the analyte benzylamine 
315 and the separation conditions involve a reversed-phase column (HPH 
316 C18) and a mobile phase containing acetonitrile (ACN) and aqueous 
317 buffer. The pHgrams obtained at the column inlet and outlet are 
318 shown in Panels A and B for injection volumes of 2 or 20 µL. These 
319 results are qualitatively consistent with those in the previous 
320 example. However, here there is a zone of low pH buffer that persists 
321 all of the way to the outlet of the column even when only 20 µL of 
322 sample is injected. This is probably because the volume of the 
323 column itself is much smaller than in the previous case (85 vs. 1000 
324 µL) and thus is less effective as a mixer. It is also possible that in the 
325 case of the 90 mm SEC column, which consisted of three 30 mm 
326 columns coupled together, there is additional mixing in the inlet and 
327 outlet frits of the column segments that does not exist in the case of 
328 the smaller column that has just one inlet and outlet frit. Panels C 
329 and D show the chromatograms obtained for the analyte 
330 benzylamine under these conditions. From other work not shown 
331 here we know that under the conditions of this experiment the 
332 retention of benzylamine in the deprotonated state (high pH, 
333 neutral) is about ten times higher than in the protonated state (low 
334 pH, positively charged). When the small 2 µL injection is used there 
335 is sufficient mixing of the injected sample inside the connecting 
336 tubing and column that the analyte experiences a local pH that is very 
337 close to the pH of the mobile phase and elutes as a single 
338 symmetrical peak (Panel C). However, when 20 µL of the same 
339 sample buffer is injected (this time with 10X less benzylamine so that 
340 the analyte mass is constant), the in situ pH measurement shows us 
341 that a zone of low pH that is the same as the sample persists all of 
342 the way to the column outlet. This in turn has devastating effect on 
343 the chromatography. Panel D shows that the peak is very broad and 
344 split. Part of the analyte elutes much earlier than in Panel C because 
345 it travels at a high velocity with the low pH zone, and part of the 
346 analyte is retained as the trailing edge of the injected sample is 
347 neutralized and the benzylamine is more retained in its 
348 deprotonated state. In previous work we’ve shown this peak splitting 
349 phenomenon and in fact proposed practical solutions to resolve the 
350 problem2. However, this in situ pH measurement approach now 
351 provides definitive evidence that zones of pH mismatch can persist 
352 inside of LC columns for a very long time, sometimes all of the way 
353 to the column exit.

354 INSERT FIGURE 5 HERE

355 Figure 5. Effect of sample/mobile phase pH mismatch on the peak 
356 shape for benzylamine analyzed at high pH under reversed phase 
357 conditions. In this case, the injected sample solution was buffered at 
358 pH 2.4 and the mobile phase at pH 11.5. The sample and mobile 
359 phase contained 13 and 23% ACN, respectively. The left two panels 
360 (A and B) show  pHgrams at the column inlet and outlet, and the right 
361 two panels (C and D) show the  chromatographic peaks for 
362 benzylamine observed under these conditions for injection volumes 
363 of 2 or 20 µL. In this case a hue vs. pH calibration curve different from 
364 those shown in Figure 3 was used, based on fewer pH buffer 
365 standards, but running all of the way up to pH 12.  
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366 Conclusions
367 A method for in situ pH measurement in LC systems based on 
368 colorimetric pH indicators was developed and demonstrated 
369 under two very different chromatographic conditions. This 
370 method differs from the use of ion selective electrodes for pH 
371 determination that rely on dedicated instrumentation and are 
372 far from ideal from a chromatographic point of view. The 
373 colorimetric approach described here can be implemented 
374 using a conventional UV-Vis absorbance detector used in most 
375 LC systems, and the data analysis involves a simple 
376 transformation of absorbance at three wavelengths into a single 
377 hue value. We find that the process is sufficiently reproducible 
378 to be useful for studying pH changes inside of LC systems on the 
379 timescale of chromatographic separations. Under conditions 
380 commonly used in 2D-LC we observe that a difference of 9 pH 
381 units between the mobile phase and the injected sample zone 
382 can persist all of the way to the column exit and significantly 
383 affect the separation of ionogenic solutes. This approach should 
384 enable a more detailed understanding of the effect of sample 
385 and mobile phase pH on chromatographic performance in a 
386 wide variety of situations. 
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Figure 1. Instrument setup employed for calibration of hue vs. pH. 
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Figure 2. Instrumental setup employed for in situ pH measurement under real LC conditions. (A) Initial 
condition with the indicator dye diverted to waste; (B) Indicator dye is combined with the mobile phase after 
the LC column. In this position the contents of Loop 1 are injected and travel through the column. (C) In this 

position the contents of Loop 2 are injected. 
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Figure 3. pH profile used during calibration of hue vs. pH and the resulting absorbance (A) and hue profiles 
(B) calculated using Eqn. 1. 
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Figure 4. pH profiles showing the pH variation measured at the inlet (A) and outlet (B) of a 90 mm x 4.6 
mm i.d. SEC column for different injection volumes, and (C) four replicate measurements at the outlet for 

120 µL injections.. 
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Figure 5. Effect of sample/mobile phase pH mismatch on the peak shape for benzylamine analyzed at high 
pH under reversed phase conditions. In this case, the injected sample solution was buffered at pH 2.4 and 
the mobile phase at pH 11.5. The sample and mobile phase contained 13 and 23% ACN, respectively. The 

left two panels (A and B) show  pHgrams at the column inlet and outlet, and the right two panels (C and D) 
show the  chromatographic peaks for benzylamine observed under these conditions for injection volumes of 

2 or 20 µL. In this case a hue vs. pH calibration curve different from those shown in Figure 3 was used, 
based on fewer pH buffer standards, but running all of the way up to pH 12.   
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