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Introduction 
 
 
Every statistical experimental design has an underlying data analysis model structured to support 

specific knowledge goals in terms of the variable effects which can be characterized. Fusion 

QbD logically organizes its broad library of statistical experimental designs into two general 

categories: Screening and Optimization. With respect to pH, Screening experiments are intended 

to support the following information goal. 

 
Screening Designs 

 
Identify the specific region of pH to use in a follow on optimization experiment. 

 
When categorical factors such as Strong Solvent Type and/or Column Type are included in the 

screening design, the goal becomes the identification of the best solvent, column, and pH region 

combination to use in a follow on optimization experiment. 

 
 
With respect to pH, Optimization experiments are intended to support the following information 
goals. 
 

Optimization Designs 
 

Identify the optimum pH level in terms of best overall mean performance and broadest 
safe operating range (best robustness). 
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Screening Experiment Approaches 
 
 
In chemistry system screening experiments a broad range of pH is usually studied to determine 

the pH-column-solvent combination which best separates the sample compounds. There are two 

common approaches to the treatment of pH in these screening studies. The 1st approach employs 

uniform increments of 1.0 pH units or less to study a specified pH range. The 2nd approach 

normally includes only two levels of pH in the study –Acidic and Basic, and sometimes a third 

Neutral pH level. 

 
Chemistry Screening Approach 1 
 
An example of the 1st approach is shown graphically in Figure 1 for an experiment which 

includes two levels of the Column Type variable and a pH study range of 3.0 – 7.0. This figure 

shows the case in which the response – in this case the USP Resolution of the API – expresses a 

complex sigmoidal effect across the experimental range of pH resulting from the fact that the 

pKa value of the API is within the range (in this case the theoretical pKa = 4.80). 

 
Figure 1 
 

 
 
  



 

Treatment of pH in Chemistry System Screening Experiments Version 1.6 
Copyright © 2015 S-Matrix Corporation. All Rights Reserved. Page 3 

In Approach 1 the pH effect for each included column can be accurately represented by a 

“smooth-curve” sigmoid function. This is shown in Figures 2.a and 2.b, which are Fusion QbD 

graphs showing the change in the number of resolved peaks (No. of Peaks – Y axis) versus pH 

(X axis) from a study which included six levels of pH in a range from 2.0 – 7.0, two strong 

solvents (ACN and MeOH), and four columns. In this experiment all six pH levels were able to 

be used with all four columns. 

 
Figure 2.a 
 

 

Figure 2.b 
 

 
 
 
The structure of the DOE experiment resulting from Approach 1 is therefore optimal for both 

experiment design generation and data analysis/modeling. In addition, the prediction equations 

(models) can contain terms for the Column Type and Strong Solvent Type effects – for example, 

to characterize the observed pKa shifts between columns, and also terms for the Column-pH and 

Solvent-pH interactions which are expressed as curve shape differences of the pH response 

profile across different column-solvent-pH combinations. 
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Online Preparation of pH 
 
For LC instrument systems with quaternary pump modules 

Fusion QbD can automatically prepare target levels of pH for 

experimenting. It does this by enabling the user to define an 

acid-base solvent pair and the solvent ratio needed to achieve 

each desired study level of pH. Fusion QbD will then build the proportions required to maintain 

the target level of pH for the run into each step of the instrument method’s pump program. 

 
Table 1 below contains acid-base solvent ratios and associated pH values for a six level pH 

screen covering a range of 2 – 6 using Formic Acid and Ammonium Formate – each at a 0.10 M 

concentration. Figure 3 shows the pH setup for the screen within the Fusion QbD Experiment 

Setup window. The pH values in the table were obtained by pumping the corresponding solvent 

ratios from two reservoirs of a quaternary pump and measuring the pH of the resulting output 

mobile phase. The same screen can be done using 5 levels of pH by eliminating pH 3.39. 

 
Table 1,  pH Screen: Range = 2.0 – 6.0 (6-levels) 
 

0.10 M 
Formic Acid 

(%) 

0.10 M 
Ammonium Formate 

(%) pH 
100 0 2.31 
80 20 2.99 
60 40 3.39 
40 60 3.75 
5 95 4.80 
0 100 6.16 

 
 
Figure 3 
 

 
  



 

Treatment of pH in Chemistry System Screening Experiments Version 1.6 
Copyright © 2015 S-Matrix Corporation. All Rights Reserved. Page 5 

Table 2 below contains acid-base solvent ratios and associated pH values for a five level pH 

screen covering a biological range of 6 – 8 using Monobasic Sodium Phosphate and Dibasic 

Sodium Phosphate – each at a 0.15 M concentration. Buffer preparation information for the 

Sodium Phosphate acid-base pair is presented below the table. 

 
Table 2,  pH Screen: Range = 6.0 – 8.0 (5-levels) 
 

pH 6.0 Solution 
(%) 

pH 8.0 Solution 
(%) pH 

100 0 6.00 
76 24 6.50 
42 58 7.00 
14 86 7.50 
0 100 8.00 

 
pH 6.00 Solution – 2.0 L Volume, 0.15 M 
 
35.95 grams of Monobasic Sodium Phosphate 

5.60 grams Dibasic Sodium Phosphate 

 
pH 8.00 Solution – 2.0 L Volume, 0.15 M 
 
2.57 grams of Monobasic Sodium Phosphate 

35.95 grams Dibasic Sodium Phosphate 
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Chemistry Screening Approach 2 
 
As previously stated, the 2nd approach to chemistry screening normally involves two pH levels – 

an Acidic and a Basic level – and in some cases a third Neutral pH level. An example of a 

chemistry system screening experiment involving two columns and three levels of pH is shown 

graphically in Figure 4. The figure shows how the pH effect can appear more discontinuous 

across the range and between columns. This increases the difficulty of the data analysis deriving 

accurate prediction models from the experiment results. However, pH should still be defined as a 

numeric variable in Experiment Setup, as this will result in the ability to model Column-pH and 

Solvent-pH interactions. 

 
Figure 4 
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Combining pH and Column Type 
 
 
In a multivariate DOE based screening experiment, the ability to obtain accurate prediction 

models from experimental results is directly dependent on the ability to carry out all possible 

combinations of the experiment variables. When Colum Type and pH are both included in the 

experiment, restrictions on allowable Column-pH combinations negatively impacts the ability to 

derive accurate prediction models from the experiment data. Screening experiment Approach 2 

will be especially sensitive to this issue. 

 
For example, consider an experiment which includes six columns, and in which only three of the 

six columns can accommodate the basic level of pH in the experiment (e.g. pH 10.80). This 

means that 1/3 of the pH study levels will be excluded from half of the columns. In cases like 

this it is better to exclude the basic level of pH from the screening study, and create a separate 

study with a constant level of pH and the subset of columns which can be used with this pH. 

 
In addition, in the first cycle of chemistry system screening it is desirable to include columns 

with reasonably different stationary phases. This is illustrated in Figures 5.a and 5.b for two 

selections of four reversed phase columns. Note that together the positions of these columns 

achieve a degree of orthogonality (independence of the X-Y coordinate pairs) within the 

Hydrophobicity/Selectivity coordinate space. A second cycle of chemistry system screening can 

be performed with alternative options of the particular stationary phase type identified in the 1st 

cycle as the best overall performer. 

 
Figure 5.a 
 

 

Figure 5.b 
 

 

Columns: C18, RP18, Phenyl, C8 Columns: Phenyl Hexyl, PFP, C18, T3 
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Gradient Slope Considerations 
 
For gradient methods it has proven to be advantageous in many cases to include Gradient Slope 

in a screening study involving both pH and Column Type, since the selectivity of a given pH-

column combination can vary significantly at different slopes. The recommended strategy for 

screening experiments is to vary the Gradient Time (tG) across the experiment trials while 

maintaining the same Initial % and Final % Strong Solvent settings in all experiment runs. The 

constant values of Initial % and Final % Strong Solvent should be those which maximize the 

possibility that all compounds in the sample will elute during the gradient portion of the method 

– i.e., the Initial and Final % values should be the lowest and highest achievable values, 

respectively, given sample and mobile phase solubility considerations. This in turn maximizes 

the ability to characterize the slope effect, and also provides enhanced information on the best 

pH-column combination. 

 
The Lower Bound and Upper Bound settings of the Gradient Time variable are determined 

using the tG value of the initial method developed as part of the sample preparation workup. 

For example, say that the starting-point method has Initial % and Final % Strong Solvent settings 

of 5.0% and 70.0%, respectively, and a tG of 4.5 minutes. These settings translate into a 

gradient slope of 14.5%/minute [(70.0-5.0)/4.5], as shown in Figure 6. The figure also shows that 

defining a study range of ~ ±7.5%/minute around the current slope of 14.5%/minute will result in 

a broad study range of 3.0 – 9.0 minutes (rounded) for the screening experiment. Figure 7 shows 

the Pump Program entry grid within the Fusion QbD Experiment Setup window with the 

screening study settings for the Gradient step: Time State = Variable, Lower Bound = 3.0, and 

Upper Bound = 9.0. 

 
Figure 6 
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Figure 7 
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General Approach in Optimization Experiments 
 
 
Optimization designs should cover a much narrower range of pH within the workable region of 

pH identified in the screening experiment. The maximum increment between pH study levels in 

Optimization designs should be 0.5 pH units. Five levels of pH are appropriate for these studies, 

and three levels of pH are the absolute minimum. Figure 8 shows the type of smooth curve 

model fitting the experiment data obtained from an Optimization experiment. Most importantly, 

an optimization experiment should only contain one strong solvent composition and one column. 

 
Figure 8 
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Best Answer Searches under Restricted Variable Conditions 
 
 
Restricting the Best Overall Answer (BOA) wizard settings is required for screening experiment 

Approach 2. This restriction increases the validity of the search results. It does this by limiting 

the search scope to those experiment design regions which have some actual data representation, 

rather than allowing the algorithms to search in “empty” design regions. To illustrate, consider 

an experiment which includes two levels of pH (Acidic – 2.13 and Basic – 10.80), and six 

columns, of which only three can accommodate the basic pH (pH 10.80). In this case restricting 

the BOA wizard settings as shown in Figures 9.a and 9.b excludes invalid search regions such as 

pH 4.0 and invalid combinations such as pH 10.80 with the Atlantis T3 column. 

 
Figure 9.a – Restricted Search Settings for pH 2.13 
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Figure 9.b – Restricted Search Settings for pH 10.80 with Restricted Column Set 
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Acceptable Performance Region Searches under Restricted 
Variable Conditions 
 
 
The Acceptable Performance Region (APR) view is enabled when the experiment design 

contains at least two numeric variables with State=Variable in Experiment Setup. Restricting the 

APR wizard settings is also recommended for screening experiment Approach 2. This restriction 

increases the validity of the graphical prediction results. As with the BOA wizard, it does this by 

limiting the visualization graphics scope to the experiment design regions which have some 

actual data representation, rather than allowing the algorithms to predict in “empty” design 

regions. Again, given an experiment which includes two levels of pH (Acidic – 2.13 and Basic – 

10.80), and six columns, of which only three can accommodate the basic pH (pH 10.80). In this 

case restricting the APR wizard settings as shown in Figure 10 excludes invalid search regions 

such as pH 4.0. Note that when restricting the graph region for pH 10.80 (e.g. – graph range = 

10.00 – 11.00), you would also only select a column for the graph which was used with pH 

10.80. 

 
Figure 10 – Restricted Graph Settings for pH 2.13 
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