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• The continuous calibration method was 
expanded, simplified, and 
demonstrated.

• Molar absorption coefficients were 
determined from a single experiment.

• The literature pKa of a weak acid was 
obtained from a single experiment.
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A B S T R A C T

Background: Accurate calibration curves are essential for quantitative analysis but are often neglected due to their 
time, cost, and labour demands. Traditional calibration involves measuring solutions of known concentrations to 
construct a calibration curve relating analyte concentration to instrument response. While these relationships 
rarely follow simple closed-form equations, linear approximations are commonly used for simplicity, often being 
fitted with too few data points for high-accuracy calibration. Continuous calibration addresses these challenges 
by continuously infusing concentrated calibrant into a clean matrix solution while monitoring the response 
online. This approach significantly reduces time and labour while generating extensive data, improving cali
bration precision and accuracy. Despite its advantages, method limitations and technical complexities have 
hindered widespread adoption.
Results: Here, continuous calibration is expanded and simplified with modern accessible equipment, open-source 
code, and a user-friendly web tool that together streamline experiments and data processing. The software 
generates smoothed and equation-fitted calibration curves complete with statistical-validity, quality-of-fit, and 
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dynamic-range estimates. The method was demonstrated over a broad range of systems and analytical tech
niques, including external, standard addition, and internal standardization calibrations, and mass spectrometry, 
and infrared and ultraviolet–visible spectroscopies. The technique was also demonstrated to be more efficient 
and precise than discrete calibration. In ultraviolet–visible applications, molar absorption coefficients (ε) were 
obtained from a single experiment, with values for multiple analytes matching literature. For example, KMnO4/ 
H2O analysis yielded ε = 2450 ± 40 M− 1 cm− 1 compared to the reported 2250–3340 M− 1 cm− 1. The approach 
was further extended to calibrate instrument response across pH ranges, yielding the literature pKa of a weak acid 
from a single experiment.
Significance: These advancements substantially improve the precision, efficiency, and accessibility of calibration, 
with the potential to enhance experimental quality and efficiency across many fields. We hope that these im
provements encourage scientists to conduct high-quality calibration more frequently.

1. Introduction

Accurate calibration, for relating observed analyte intensity to its 
concentration, is essential for quantitative analysis, for example in 
sample analysis and kinetic studies [1–4]. In particular, modern kinetic 
techniques such as reaction progress kinetic analysis and continuous 
addition kinetic elucidation rely on precise quantification to extract 
kinetic parameters and mechanistic conclusions from continuously 
collected spectral data [5–7].

Traditional external calibration involves measuring several solutions 
of known concentrations to create a calibration curve relating analyte 
concentration to instrument response. Matrix-matched calibration im
proves this method by calibrating with a matrix similar to the sample 
matrix. Similarly, standard addition involves incrementally spiking a 
sample with a calibrant solution of known concentration and measuring 
instrument response to estimate the original sample concentration. In
ternal standardization instead employs a reference species of known 
concentration that behaves similarly to the analyte [1–3,8].

The relationship between concentration and instrument response can 
rarely be described by simple closed-form equations [9]. Factors 
including analyte properties, the sample matrix, and instrument pa
rameters often unpredictably influence calibration [10–16]. Moreover, 
instruments rarely have long-term stability and often have poor 
short-term stability, necessitating frequent recalibration for 
high-accuracy measurements [4,17]. Despite these complexities, linear 
approximations are frequently used for simplicity, particularly at lower 
concentration ranges where greater linearity is often observed [3,9]. 
However, calibrations with few data risk the inappropriate application 
of linear fits, leading to inaccuracies [18]. While high-quality calibration 
is critical, it is often neglected due to the time, cost, and labour required 
for preparing and measuring multiple solutions of known concentration 
[4,19,20]. This compromise ultimately degrades experiment result 
quality. Therefore, simplifying and expediting calibration is essential to 
improve analysis and promote better scientific practices.

Several techniques aim to address these challenges. Automated 
discrete calibration methods, such as automated dilution and flow- 
injection analysis [21], reduce manual effort. However, like other 
discrete calibration techniques, they are limited by the small number of 
data points they generate. Additionally, they often require specialized 
instrumentation. One alternative technique utilized an ever-increasing 
flow of concentrated calibrant solution mixed with aspirated solvent 
to create a continuously increasing concentration of calibrant, which 
was infused into a continuously monitoring atomic absorption spec
trometer [22]. Continuous calibration is a different approach which 
instead continuously infuses concentrated calibrant solution into a clean 
matrix solution monitored online direct detection. Both techniques 
significantly reduce labour and time while generating numerous data, 
thereby improving calibration accuracy. Continuous calibration was 
first developed for use in atomic absorption spectroscopy, where 
non-linear calibration curves were used for interpolating sample in
tensities to concentration [23]. It was later adapted for inductively 
coupled plasma (ICP) atomic emission spectrometry and ICP mass 
spectrometry (MS), using linear fits to convert sample intensities into 

concentrations [24,25]. These studies demonstrated that continuous 
calibration outperformed conventional calibration techniques in speed, 
efficiency, and precision [24]. The nature of these spectrometric tech
niques means that discrete calibration is especially time consuming and 
hence they greatly benefit from the efficacy of continuous calibration. 
However, these methods relied on Mariotte's bottles and peristaltic 
pumps, which can be expensive, restrictive, incompatible with certain 
solvents, and require large volumes of calibrant solution. These limita
tions, coupled with uncertainties and complexities of data handling, 
have hindered widespread adoption amongst other analytical 
techniques.

Here, continuous calibration is simplified, expanded, and applied to 
a broader array of systems and analytical techniques. Analyte is infused 
using a syringe pump, which is more cost-effective and widely available 
than the previously used equipment. A web application (http://www. 
catacycle.com/cc) streamlines data processing by allowing users to up
load calibration data to generate smoothed and equation-fitted cali
bration curves, complete with quality-of-fit estimates and dynamic 
range estimates. Users can also upload experimental intensity data to 
calculate their corresponding concentrations through application of 
continuous calibration curves. The tool includes algorithms for statisti
cal validation of linear and non-linear fits and estimation of the 
maximum accurately quantifiable concentration. For more advanced 
applications, the underlying code is freely available for offline use and 
modification, such as fitting to custom equations (https://github. 
com/peterjhw07/continuous_calibration). The method was demon
strated for external, standard addition, and internal standardization 
calibration curves. It was also successfully applied to electrospray 
ionization (ESI) MS, and infrared (IR) and ultraviolet–visible (UV–Vis) 
spectroscopies, with the latter enabling molar absorption coefficients to 
be calculated from a single experiment. By reducing time and labour and 
increasing calibration precision, this approach and the improvements 
described herein have the potential to enhance experimental efficiency 
and result accuracy across multiple fields.

Calibration curves are also key to quantification of chromatographic- 
coupled techniques, such as liquid chromatography MS (LC-MS). 
Continuous calibration cannot be applied to such methods, presenting a 
key limitation. It is not immediately obvious how this could be over
come, particularly due to complications regarding analyte spread and 
solvent gradients. Overcoming these limitations would further expand 
the applications of continuous calibration and greatly benefit the 
analytical community, though is beyond the scope of this manuscript.

2. Experimental

In continuous calibration, a syringe pump was used to infuse an 
addition solution into a stirred flask of monitored solution. All species in 
the addition solution were of known concentration. The initial compo
sitions of the monitored and addition solutions varied depending on the 
specific continuous calibration technique being employed (Table 1).

The monitored solution was measured using online direct detection 
either in situ (UV–Vis and IR spectroscopies) or ex situ via pressurized 
sample infusion (MS), without chromatographic separation [26,27]. 
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Mass spectrometer parameters were automatically optimized via 
Bayesian optimization algorithms using OptiMS software [15]. Spectral 
acquisition was usually initiated before the continuous infusion of the 
addition solution commenced. Relevant analyte and internal standard 
peak intensities were extrapolated from spectra. The resultant time vs. 
intensity data were processed using open-source Python code (htt 
ps://github.com/peterjhw07/continuous_calibration) that employed 
multiple packages [28–38]. The code uses the initial monitored solution 
volume, concentrations of analytes in the addition solution, and addi
tion solution flow rate to calculate analyte concentrations over time. The 
resulting concentration vs. intensity data are then used to create 
data-dense calibration curves. The code also offers a variety of other 
functions to facilitate data manipulation and curve fitting. Once fitted, 
continuous calibration curves can be applied to discretely measured 
samples to predict analyte concentrations from their signal intensities. 
All uncertainties reported herein are standard errors unless otherwise 
specified. Full experimental details are provided in the Supporting 
Information.

3. Results and discussion

The continuous calibration method was principally developed using 
KMnO4, dissolved in H2O and monitored using UV–Vis spectroscopy, as 
a model calibrant due to its simplicity and ubiquity. First, conditions 
were optimized to ensure rapid diffusion occurred, using discrete in
crements of addition solution. This was essential to maximize contin
uous calibration accuracy. The optimized conditions yielded complete 
diffusion in <5 s (Fig. S4).

Once conditions were optimized, discrete and continuous KMnO4 
calibrations were performed in triplicate in a 0.00–1.20 mM concen
tration range. The resulting continuous calibration data showed excel
lent congruency with each other and the discrete calibration points 
(Fig. 1). The triplicate discrete data took ~10 h to collect, required 
measurement of 54 samples, and yielded 54 data points (~5.4 data 
points per hour). In contrast, the triplicate continuous data took ~1.75 h 
to collect with data acquisition occurring over 21 min each (Fig. S5), 
required measurements of three solutions, and yielded 3626 data points 
(~2100 data points per hour). This demonstrated that continuous cali
bration could be used to collect calibration data with the same accuracy 
as discrete calibration but more rapidly and with much greater density. 
Notably, the obtained calibration curves visually demonstrated non- 
linear behaviour (Fig. 1), as expected at high concentration values and 
absorbances.

This increased data density afforded by continuous calibration 
allowed more precise calibration curves to be constructed than possible 
for discrete calibration. The data were sufficiently dense that they could 
be used to create highly precise calibration curves without specific 
models. Alternatively, models could be used to fit an equation to the 
calibration curve for a particular concentration range, as is commonly 
executed using a linear function for discrete calibration data.

Algorithms, such as the rainbow test, were implemented into the 
code to determine a region in which a linear model was valid and hence 
estimate a limit of linearity. The null hypothesis of this test states that 
the difference between the fit of a linear model on a dataset compared to 
a central subset of the dataset is insignificant [39]. The code iteratively 

performed the test between concentration zero and each concentration 
point. The maximum limit of linearity was determined to be the last data 
range for which the p value was above the set threshold (p = 0.05). This 
yielded a limit of linearity of 0.24 ± 0.04 mM across the three contin
uous calibration curves. This limit was notably less than the 0.86 mM 
limit of linearity determined from the discrete calibration data (Fig. S6). 
This was due to the greater data density measured during continuous 
calibration and the correspondingly greater curve definition provided by 
it, making deviation from linearity more apparent both visually and 
statistically. For example, the average root mean squared error (RMSE) 
across the three continuous calibration curves was 0.00326, much lower 
than the 0.0541 RMSE obtained from the discrete data.

From this linear relationship, the molar absorption coefficient (ε) 
was estimated to be 2450 ± 40 M− 1 cm− 1 (λmax ~526 nm). This value 
was comfortably within the 2250–3340 M− 1 cm− 1 range reported in 
literature [40–44]. In contrast, ε was estimated from the discrete data to 
be 2230 ± 40 M− 1 cm− 1, slightly below the literature range. This un
derestimation was caused by the inclusion of higher concentration 
points which deviated from linearity with a negative curvature (Fig. S6). 
This demonstrated that increased data density could improve calibration 
curve accuracy through enhanced precision.

Alternatively, the code can be used to maximize the coefficient of 
determination (R2). This obtained a limit of linearity of 0.33 ± 0.02 mM 
and ε = 2430 ± 40 M− 1 cm− 1 (λmax ~526 nm) across the three contin
uous calibration curves, closely agreeing with the previously determined 
value. While this test does not algorithmically justify the use of a linear 
equation, it more closely resembles linear fitting of conventional 
discrete calibration curves and usually yields wider limits of fitting. 
Consistently, maximizing R2 for the discrete data yielded a limit of 
fitting of 0.38 mM and ε = 2460 ± 30 M− 1 cm− 1, which was within the 
literature range. However, the limit of fitting was again seemingly 
overestimated, and the RMSE (0.00409) was lower than for the 
continuous data (average of 0.00352). Together, these observations 
demonstrated that continuous calibration was more robust than discrete 
calibration.

While calibration curves are most frequently fit using linear equa
tions, they can also be fit using non-linear models (Table S3). As for 
linear fitting, fitting using discrete non-linear equations necessitated a 

Table 1 
Initial matrix compositions of the monitored and addition solutions for each 
continuous calibration technique, excluding pH-modulating species and solvent.

Continuous calibration 
technique

Monitored solution 
species

Addition solution species

External - Analyte
Standard addition Analyte Analyte
Internal standardization Internal standard Analyte and internal 

standard
pH Analyte (at first pH) Analyte (at second pH)

Fig. 1. Main) Averaged triplicate continuous calibration curves (black scatter) 
and the associated 3 × standard deviation (3σ) area (blue), compared with 
averaged triplicate discrete data and their associated 3σ (red), of KMnO4/H2O 
monitored with UV–Vis spectroscopy. The high data density, low standard 
deviations, and close overlap with discrete data demonstrate the high precision 
and accuracy of continuous calibration. Inset) Corresponding UV–Vis spectra of 
one continuous calibration curve at each 0.20 mM interval.
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limit of fitting to be determined. For this, an algorithm was implemented 
to determine the region of maximum R2 and hence estimate a limit of 
fitting, iteratively performing analysis between concentration zero and 
each concentration point. Higher qualities of fit across wider concen
tration ranges were yielded using logarithmic (0.00–0.50 ± 0.01 mM, 
R2 = 0.99993 ± 0.00001) and tangential functions (0.00–0.62 ± 0.01 
mM, R2 = 0.99995 ± 0.00001) than a linear function (0.00–0.33 ± 0.02 
mM, R2 = 0.99975 ± 0.00004), increasing the calibrated region and 
therefore useable concentration range. Alternatively, generalized addi
tive models (GAMs), could be used to construct high-quality calibration 
curves without the need for easily interpretable equations. The high data 
density afforded by continuous calibration results in GAMs having high 
accuracy. For the KMnO4/H2O continuous calibration, a concave GAM 
yielded a high R2 across the whole concentration range (0.00–1.20 mM, 
R2 = 0.99991 ± 0.00001). All these and further options are available 
through the code and web application. Examples of these fits for one of 
the continuous calibration experiments are shown below (Fig. 2).

From fitted curves, the code also determines the limit of detection, 
estimated as the concentration corresponding to 3 × the standard de
viation of measured blank solution intensities. For example, the limit of 
detection calculated for the linear fits was 0.0021 ± 0.0002 mM. 
Alternatively, more rigorous methods for determining the limit of 
detection could be applied to repeated calibration curves [45].

As observed previously, the discrete data yielded greater limits of 
fitting for all functions than the continuous data (Fig. S7). Furthermore, 
the data density of the continuous calibration curves afforded model 
coefficients with significantly lower standard errors than the discrete 
data (Table S4). For example, the linear model fitted to the discrete data 
produced a gradient of 2460 ± 30 mM− 1, compared to an average 
gradient and standard error of 2433 ± 1 mM− 1 from the continuous 
data. These results demonstrated that continuous calibration produced 

curves of greater precision, and therefore higher confidence, than 
discrete calibration.

Once fitted, continuous calibration curves can be applied to predict 
analyte concentrations in discretely measured samples from their signal 
intensities. This can be performed using the code and web application. 
To demonstrate such application, the fitted curves were used to validate 
the concentrations of the 54 discretely measured triplicate samples. The 
predicted concentrations closely matched the known values, up to the 
limit of fitting of each function (Table S5–6). For example, for the 0.308 
± 0.005 mM samples, the linear-, logarithmic-, tangential-, and GAM- 
fitted continuous calibration curves predicted concentrations of 0.313 
± 0.009, 0.316 ± 0.009, 0.315 ± 0.009, and 0.315 ± 0.009 mM 
respectively; recoveries of 102–103 ± 1%. Average recoveries within 
the limits of fitting were 104 ± 1%, 103 ± 1%, 102 ± 1%, and 100 ±
1%, demonstrating high accuracy and precision. Comparable average 
recoveries of 103 ± 1%, 100 ± 1%, 100 ± 1%, and 106 ± 3% were 
observed for the discrete data using leave-one-out cross-validation 
(Table S8). Notably, the GAM performed poorly, achieving lower ac
curacy and precision than its continuous counterpart, especially at lower 
concentrations. This was due to the high number of data required to fit 
GAMs accurately.

For both continuous and discrete calibration curves, prediction ac
curacy deteriorated above the limits of fitting, as expected (Table S5–8). 
For instance, for the 0.73 ± 0.01 mM samples, the linear-, logarithmic-, 
tangential-, and GAM-fitted continuous calibration curves predicted 
concentrations of 0.66 ± 0.02 (90 ± 3% recovery), 0.69 ± 0.02 (95 ±
3% recovery), 0.71 ± 0.02 (97 ± 3% recovery), and 0.73 ± 0.02 mM 
(100 ± 3% recovery) respectively, with only the GAM having a limit of 
fitting above the sample concentrations. The higher the concentration 
was above the limit of fitting the worse the predictive accuracy became. 
This further demonstrated that linear models produced narrower limits 

Fig. 2. Fitting of different functions to a continuous calibration of a KMnO4/H2O system, monitored with UV–Vis spectroscopy. Depicted are experimental data 
(black scatter) and fits with algorithmically determined limits of fitting (dashed dark blue line) which maximized R2 (solid coloured lines) and continuation of the fits 
beyond the limits of fitting (dashed coloured lines). The fits use A) linear (red), B) logarithmic (pink), C) tangential (orange), and D) generalized additive model 
(GAM) functions (light blue).
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of quantification than non-linear models.
The continuous calibration method was extended to perform stan

dard addition calibration. Standard addition calibration is significantly 
more time consuming and laborious than external calibration and in
ternal standardization, as it requires a calibration curve to be con
structed for each individual sample [46,47]. This technique will 
therefore benefit most from the faster and simpler continuous calibra
tion approach. Continuous standard addition calibration was demon
strated using the continuous addition of a standard to a 0.157 ± 0.006 
mM sample. This did not require nor use the continuous calibration 
curves built previously. Linear fitting, with a limit of linearity algo
rithmically determined at the last concentration which passed the runs 
test p value (a relatively strict equation fitting test), yielded an initial 
sample concentration of 0.161 ± 0.004 mM (Fig. 3) with a recovery of 
103 ± 5%. This demonstrated that continuous calibration could be used 
to apply calibration curves and perform standard addition more effi
ciently and precisely than discrete calibration, greatly benefiting stan
dard addition calibration.

For samples with unknown or irreproducible matrices, relative 
changes in the monitored solution volume should be minimized. This 
can be achieved by increasing the analyte concentration in the addition 
solution and by either increasing the initial monitored solution volume, 
decreasing the addition solution flow rate, or both. Alternatively, 
continuous standard dilution analysis is more robust to matrix alteration 
than continuous standard addition [48–51]. However, this method has 
other limitations, such as rate of concentration change decreasing as 
calibration progresses, leading to an uneven distribution of calibration 
data density.

The continuous calibration method was applied to additional ana
lytes in an array of matrices. The close agreement between molar ab
sorption coefficients measured through continuous calibration and 
physicochemically-similar literature systems demonstrated the robust
ness of the method across a range of conditions (Table 2). Additionally, a 
[Ni2(cage)]2+ complex [52] has its molar absorption coefficient 
measured for the first time using continuous calibration (Table 2). These 
experiments demonstrated that a molar absorption coefficient could be 
measured using a single continuous calibration experiment, reducing 
time and labour.

Beyond the improvements to calibration, the greater precision 

offered by the continuous alteration methods compared to discrete 
methods offer non-calibration benefits. For example, bathochromic and 
hypsochromic shifts were detected in many of the systems above 
(Table 2). These shifts indicate complex intramolecular interactions 
between species. For example, in rhodamine B, a hypsochromic shift was 
observed between ~11 and 30 μM from 552 nm to 547 nm (Fig. S8A). 
This hypsochromic shift corresponds with an approximately linear in
tensity increase of a convoluted peak with λmax ~515 nm (Fig. S8B), 
attributed to H-aggregated dimer [67–69]. This demonstrated that 
continuous calibration can be used to precisely map the formation of 
intramolecular complexes across data-dense concentration ranges.

Continuous alteration methods can also be used to create continuous 
calibration curves with fixed analyte concentration but variation of 
other environmental conditions, such as pH, other species concentra
tions, or temperature. For alteration of pH or species concentrations, this 
would involve continuously adding a matrix solution containing a fixed 
analyte concentration to a solution containing the same fixed calibrant 
concentration and a species requiring modulation. This was demon
strated for bromophenol blue, a commonly used colorimetric pH indi
cator with useful range pH 3.0 (yellow) to pH 4.6 (blue) and pKa 4.1 
[70–72]. For this, acidic bromophenol blue solution (25.0 μM) was 
continuously added to a UV–Vis-monitored bromophenol blue conjugate 
base solution (25.0 μM, pH ~6.2), changing the matrix from blue to 
yellow and its pH from ~6.2 to ~2.3. The concentration of deprotonated 
bromophenol blue (λmax ~592 nm) was estimated using a GAM-fitted 
continuous calibration curve (Fig. S9). In the pH-alteration continuous 
calibration, the bromophenol blue conjugate base concentration (25 
μM) demonstrated a significant change (20 μM to 5 μM) between pH 
~4.4 to ~3.4 corresponding with its useful range of pH 4.6–3.0 (Fig. 4). 
Furthermore, the acid and conjugate base forms of bromophenol blue 
were equally concentrated (12.5 μM) at pH 4.1, corresponding to a pKa 
of 4.1 (Fig. 4). This demonstrated that calibration across a pH range 
could be performed in a single continuous calibration and suggested that 
monitoring the pH of a continuously calibrated system could allow rapid 
and precise elucidation of acid dissociation constants.

The experimental method and code were also applied to systems 
monitored with other characterization techniques. Continuous calibra
tion was performed for reserpine and NaOAc calibrants monitored using 
MS and IR spectroscopy respectively (Fig. 5). The resultant MS cali
bration curve was similar in nature to those above, initially appearing 
linear but subsequently demonstrating non-linearity (Fig. 5A). Of the 
techniques investigated herein, MS is likely to benefit the most from 
improved calibration quality. This is due to its complex quantification 
and significant differences in calibration profiles for different analytes 
and experimental conditions, such as instrumentation. In contrast, the IR 
calibration curve demonstrated strong linearity, with the rainbow test 

Fig. 3. Continuous standard addition calibration of a KMnO4/H2O system to a 
0.157 ± 0.006 mM sample monitored with UV–Vis spectroscopy. Depicted are 
experimental data (black scatter) and a linear fit (solid red line) with algo
rithmically determined limit of fitting (upper dashed blue line) which last 
passed the runs test p value (solid red line) and continuation of the fit below the 
limits of fitting (dashed red line), yielding an estimated concentration of 0.161 
± 0.004 mM (lower dashed blue line).

Table 2 
Molar absorption coefficients measured using continuous calibration compared 
to literature values of physicochemically-similar systems. Limits of fitting were 
determined using the rainbow test. Errors were estimated from equipment and 
fitting uncertainties unless stated otherwise.

System Modal measured 
λmax/nm

Measured ε/M− 1 

cm− 1
Literature ε 
/M− 1 cm− 1

KMnO4/H2O 525 2450 ± 40a 2250–3340[40–44]
Benzophenone/ 

MeOH
256 16300 ± 200 15100–19400 

[53–55]
CuSO4/H2O 770 10.9 ± 0.3 12.3[56]
Ferrocene/CHCl3 442 98 ± 2 87–96[53,57–60]
Rhodamine B/ 

EtOH
552 98000 ± 2000 91400–117000[53,

61,62]
trans-Stilbene/ 

CHCl3
302 26400 ± 300 28200–34000[53,

63–66]
[Ni2(cage)]2+/ 

MeCN
336 3090 ± 61 -

a Error calculated from the variability between three replicates, and the 
equipment and fitting uncertainties.
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being passed at the maximum NaOAc concentration (Fig. 5B). This was 
likely due to minimal saturation occurring at the low absorbances 
observed for concentrated NaOAc solution. Nevertheless, the increased 
data density yielded through continuous calibration offers significantly 
higher precision than discrete calibration.

Continuous calibration was also used to improve the accuracy and 
precision of internal standardization. In internal standardization, a 
calibration curve should be used to relate analyte and internal standard 
intensities, which is usually approximated using a linear equation. 
However, slight differences in chemical properties between analyte and 
internal standard can cause non-linear deviations [1–3,8].

Continuous internal standardization calibration was performed 
using 1,10-phenanthroline as continuously added analyte (0–40 μM) in 
presence of 2,2′-bipyridine internal standard, monitored using MS. In
ternal standard was present in both the initial monitored solution and 
the addition solution to maintain its concentration (6.4 μM). This 
created a continuous calibration curve with fixed internal standard 
concentration but varied analyte concentration. Continuous addition of 
1,10-phenanthroline caused the 2,2′-bipyridine corresponding peak in
tensity to decrease, likely due to suppression effects (Fig. 6A). Although 

the resultant analyte internal standard calibration curve was signifi
cantly more linear than the raw analyte calibration curve, it still 
demonstrated non-linearity (Fig. 6B). This highlighted the importance of 
collecting and applying such calibration curves for high accuracy in
ternal standardization. As previously, these calibration curves were 
obtained with greater precision and speed using continuous calibration 
methods than possible with conventional discrete calibration. The fitted 
calibration curves can subsequently be applied to determine unknown 
analyte concentrations in samples with the same internal standard 
concentration.

4. Conclusions

The previously developed continuous calibration technique was 
simplified, expanded, and widely demonstrated, addressing its technical 
limitations and complexities. Simplification was implemented through 
modern accessible equipment, and an open-source code and a user- 
friendly web tool which streamlined data processing. The technique 
proved to be robust, showing high reproducibility and results that 
closely matched those obtained from conventional discrete calibrations. 
It was also demonstrated to be less time and labour intensive and much 
more precise than these discrete approaches, enabling more accurate 
linear and non-linear equations to be fitted than usually possible for such 
data-sparse methods.

The method was demonstrated across a wide range of analytical 
techniques, including external, standard addition, and internal stan
dardization calibrations, as well as MS, and IR and UV–Vis spectros
copies. The latter of these generated molar absorption coefficients from 
a single experiment, with results for multiple analytes closely matching 
literature values. The technique was also demonstrated to be more 
efficient, precise, and robust than discrete calibration. Continuous 
calibration was extended to calibrate instrument response across pH 
ranges, yielding the literature pKa of a weak acid from a single 
experiment.

We hope that the simplification, enhancement, and broad demon
stration of continuous calibration will promote its adoption. The 
reduced time and labour intensity required by the method is hoped to 
not only accelerate calibration but also encourage scientists to conduct it 
more frequently. This, combined with the improved precision and ac
curacy offered by the method, will greatly improve experimental quality 
and reliability.
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