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Abstract: Our research addresses the shift towards continuous manufacturing in the pharmaceutical
industry, focusing on optimizing chromatographic separation for the synthesis of molnupiravir.
Using an inverse method with six different inlet concentrations for a single objective function, we
systematically evaluated the adsorption of key intermediates, i.e., hydroxylamine and isobutyrate, in
an isocratic solvent, determining the relevant isotherm constants. The study systematically evaluates
the effects of operational variables, including flowrate, column geometry, dispersivity coefficient,
and injection volume, on chromatographic performance. Findings reveal that specific operational
adjustments, such as reducing flowrates or altering column dimensions, significantly influence reten-
tion times and peak profiles, thus potentially impacting the efficiency of molnupiravir production.
Utilizing the inverse method, we efficiently determined equilibrium isotherms by integrating a
nonlinear chromatography model and adjusting isotherm parameters to match the observed band
profiles. Our research offers critical insights into optimizing chromatographic separation performance
through precise operational control, leveraging computational tools for rapid and adaptable drug
development.

Keywords: continuous manufacturing; chromatography; separation; API; mechanistic modeling

1. Introduction

The potential emergence of a worldwide health crisis presents substantial obstacles to
healthcare systems on a global scale. An occurrence of this nature has the potential to resultin a
significant number of cases and a considerable loss of life on a global scale [1,2]. Molnupiravir
is a compound which suppresses SARS-CoV-2 replication by lethal mutagenesis, and has
been approved for Emergency Use Authorization (EUA) in the United States [3]. This
critical situation has propelled the pharmaceutical industry to optimize the synthesis of
molnupiravir. Molnupiravir was first synthesized using five processes with a total yield of
less than 17% from uridine, which was mostly due to the introduction of the triazole group
with a low yield. Later, by rearranging the reaction sequences and using continuous flow
technology, an optimized synthesis with an overall yield of up to 61% was reported [4].
Beyond specific optimizations, there is a pressing need for new benchmarks in rapid
and adaptable drug development during global health emergencies, leveraging advanced
computational tools.

The production of molnupiravir acetonide is a multi-step procedure that includes
functional group protection and deprotection as well as purifying stages to eliminate con-
taminants [5]. Molnupiravir is synthesized via the reduction of ribose to a 5'-isobutyrate
ester, followed by the ester’s interaction with hydroxylamine to produce the matching hy-
droxamic acid intermediate [6]. The 5'-isobutyrate ester and hydroxylamine intermediate
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can generate undesirable compounds such as N-isobutyryl hydroxylamine, diisobutyrylhy-
drazine and acetic acid during the production of molnupiravir [7,8]. Due to the breakdown
of the 5'-isobutyrate ester or the replacement of hydroxyamino with hydroxyl at the C4
location of molnupiravir and the deprotection of the acetonide group with a powerful acid,
these two contaminants can be introduced [9,10]. Separation of the 5'-isobutyrate ester
and the hydroxylamine intermediate (Figure 1) has to be adequate to avoid contamination
during deprotection of the acetonide group throughout the manufacturing of molnupiravir.

o. o HO  ©OH

Hydroxylamine intermediate 5’-isobutyrate ester Molnupiravir

Figure 1. The components that should be separated to avoid undesirable byproducts: hydroxylamine
intermediate and 5'-isobutyrate ester and the final product, molnupiravir.

Reversephase chromatography (RPC) is a potent separation technique utilized exten-
sively in the biopharmaceutical industry for the separation and purification of a vast array
of compounds, including isobutyrate esters and hydroxylamine intermediates [11]. RPC’s
ability to distinguish non—polar and moderately polar compounds based on distinctions in
their hydrophobicity is one of its primary advantages [12]. Isobutyrate esters are nonpolar
compounds that can be difficult to separate using other chromatography methods, such
as ion—exchange chromatography [13]. In contrast, RPC columns, which typically employ
hydrophobic stationary phases such as C18, C8, or C4, are especially effective at separating
non-polar compounds [14]. On the other hand, hydroxylamine intermediates are moder-
ately polar compounds that can be difficult to separate using conventional normal-phase
chromatography due to their low volatility and strong hydrogen bonding [15]. Utilizing
their hydrophobic properties, RPC columns can effectively separate moderately polar com-
pounds such as hydroxylamine intermediates. Dipole-dipole interactions, van der Waals
forces, and hydrophobic interactions allow moderately polar compounds to interact with
the hydrophobic stationary phase [16]. The high resolution of RPC enables the separation
of closely related compounds, such as isobutyrate esters and hydroxylamine intermedi-
ates [17]. Overall, RPC is an effective method for the separation of isobutyrate esters and
hydroxylamine intermediates due to its ability to separate non-polar and moderately polar
compounds while maintaining a high degree of resolution and adaptability to a wide
spectrum of operating conditions [18].

Numerous approaches have been proposed for the collecting of liquid—solid equilib-
rium data, including frontal analysis, the inverse method, perturbation peak analysis, and
elution by characteristic points (ECP) and perturbation (injection on a plateau, PM) [19].
The frontal analysis (FA) technique is widely used to determine adsorption isotherms [20].
FA, however, requires a large number of compounds and is time—consuming as it requires
the accumulation of a large number of equilibrium isotherm data points over a wide concen-
tration range. Furthermore, FA can only be used to estimate single-component isotherms
and cannot be used to estimate competitive isotherms [21]. The elution by characteristic
point (ECP) method is another frequently used technique for determining kinetic param-
eters in RPC columns [22]. ECP calculates the mass transfer coefficient by analyzing the
diffusion component of the elution chromatogram of a large pulse [23]. ECP has limitations
and cannot be used to estimate competitive isotherms [24]. ECP can only be used with
high—efficiency columns, even for single-component isotherms.

Among the many available techniques for determining kinetic parameters and opti-
mizing the operating conditions of an RPC column, the inverse method stands out for its
adaptability and efficiency [25]. The equilibrium isotherms are calculated numerically by
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integrating a suitable nonlinear chromatography model and modifying the isotherm pa-
rameters to minimize the difference between the estimated and observed band profiles [26].
For solutes with moderate diffusivities, the inverse method can estimate a wide variety
of kinetic parameters, including competitive isotherms and mass transfer coefficients [27].
The technique is time— and resource—efficient since it involves fitting a mathematical model
of the chromatographic process to a small number of experimental data points [28]. In
addition, the inverse method permits the prediction of column performance under various
operating conditions, enabling more informed process development decisions [29].

The objective of this study is to determine the isotherm parameters for a number of
nonlinear separations using the inverse method of isotherm determination. This is accom-
plished by selecting an isotherm model, computing overloaded band profiles utilizing the
proper nonlinear chromatographic model, and comparing measured and computed band
profiles to define the isotherms. The equilibrium—dispersive model of chromatography is
employed in this work in combination with the Stoke-Einstein and van Deemter equations.
The Langmuir constants obtained via the inverse method are validated by confirming that
they correspond to experimental data for a range of inlet concentrations for both compo-
nents. This investigation explored the effects of flowrate, column geometry, dispersivity
coefficient, and injection volume on chromatographic peaks. The results revealed that the
flowrate, column length and diameter, dispersivity coefficient, and injection volume have a
significant impact on the retention time, peak shape, peak width, and separation efficiency
of chromatographic peaks. The findings of this study provide important insights into the
optimization of chromatographic separation performance between the 5'-isobutyrate ester
and the hydroxylamine intermediate.

2. Materials and Methods
2.1. Process Description

The molnupiravir (Merck & Co., Inc., Rahway, NJ, USA) production process show-
cases advanced pharmaceutical manufacturing through the integration of multiple unit
operations. Precision dosing pumps deliver APIs and solvents into a mixer, achieving exact
stoichiometry and a consistent reaction mix. The mixture is thermally conditioned prior
to entering a reactor module where molnupiravir synthesis is closely regulated via inline
sensors. Post-synthesis, the solution undergoes detailed analysis with FTIR and LC-MS in
an analytical module to accurately identify and quantify the molnupiravir. Crucially, the
mixture is processed through a chromatographic column, which meticulously separates
the 5’ —isobutyrate ester (Sigma-Aldrich, St. Louis, MO, USA) and the hydroxylamine
intermediate (Thermo Fisher Scientific, Waltham, MA, USA) to avoid byproducts in the
final reaction step. Quality control throughout molnupiravir production is strictly enforced
using Process Analytical Technology (PAT) instruments, ensuring high standards and show-
casing the scalability and precision of this advanced system. This meticulous oversight
bolsters continuous flow chemistry, optimizing molnupiravir manufacturing. Software,
COMSOL, Version 6.2, COMSOL Inc., Burlington, MA, USA.

2.2. Experimental Setup

In order to gather experimental chromatographic data for the hydroxylamine and
isobutyrate products in an isocratic acetonitrile and formic acid aqueous stationary phase,
the following experimental set up was utilized. A column with diameter of ID = 2.1 mm
and length of L = 50 mm, packed with the stationary phase Xterra MS C18 OBD (Waters
Corporation, Milford, MA, USA), was used. This stationary phase is designed to be
compatible with mass spectrometry detection. The designation “C18” refers to the type of
bonded phase employed in the column. C18 is a common stationary phase employed in
reversed—phase liquid chromatography, consisting of a hydrophobic alkyl chain bonded to
a silica support. The silica particles in this stationary phase have a particle size of 5 um, a
pore size of 125 A, and a surface area of 175 m?/g [30]. The “OBD” abbreviation refers to
the “Optimized for Broad Design” feature of the Xterra MS C18 column, which is designed
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to provide high resolution and sensitivity for a wide variety of compounds, including
small molecules, peptides, and proteins [31]. The OBD characteristic includes a narrower
particle size distribution, resulting in enhanced separation efficiency and diminished
band broadening. The liquid inputs were pumped into the column at a total flowrate of
4.876 mL/min using a Teledyne LS Class High Performance Isocratic Pump (Teledyne ISCO,
Lincoln, NE, USA). The adsorbate breakthrough of various concentrations was detected in
real time by detecting the solute of interest at various wavelengths using a UV detector.
Using a Vanquish UHPLC system (Thermo Fisher Scientific, Waltham, MA, USA), the
products of interest were collected and quantified.

2.3. Adsorption Isotherm Determination

The following methodology in Figure 2 was applied to determine the adsorption
isotherm constants. Firstly, raw data were collected by passing single-component solutions
of the two products through the stationary phase and detecting the resulting peaks. Sec-
ondly, a baseline correction was performed to eliminate any extraneous signals that could
compromise the accuracy of peak integration. Next, peak fitting was performed by fitting a
suitable model, like Gaussian distribution, to the original data in order to derive the peak
shape parameters, including peak height, FWHM, and center. Peak integration was then
performed using the peak shape parameters obtained from peak fitting. Normalization
was accomplished by dividing the peak area by the respective product’s concentration.

Data Acquisition Baseline correction
Peak fitting

Preprocessing —

Peak integration

Isotherm estimation

Normalization

Objective Function

I

Minimization

A g

Kil, Cp,max

Figure 2. Methodology for the estimation of the adsorption kinetics.

The constants of the adsorption isotherm were determined using the inverse method
as the concluding phase. The normalized peak area was plotted against the concentration
of the respective product, and the rectangular pulse Langmuir isotherm model was used to
fit the data. The Langmuir model employs a monolayer adsorption mechanism and reveals
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the maximal adsorption capacity and equilibrium constant of the adsorbate-adsorbent
interaction. By minimizing the difference between the experimental data and the prediction
of the Langmuir model, the inverse method enabled the estimation of these isotherm
constants. By carrying out this procedure for various concentrations of hydroxylamine and
isobutyrate, the Langmuir constants that best suit the experimental data were determined.

Using the following procedure, the inverse method of isotherm determination esti-
mates the isotherm parameters. Initially, an isotherm model is chosen and initial estimates
for its numerical parameters are calculated. These initial estimates may be improved by the
outcomes of an analytical injection. Then, overloaded band profiles are computed using
the appropriate nonlinear chromatographic model. The measured and computed band
profiles are used to define the isotherms, and they are compared by assessing the following
objective for single component isotherms:

6 6 2
H ) simulation measurement
mmz rlz = mmz (Ci - C ) (1)
i=1 i=1
where C§imulation g g cimeasurement gre the concentration calculated by the simulation and

the concentration of the experimental measurement at point i and r; is their difference.
Using an optimization approach, the isotherm parameters are modified to minimize the
objective function.

The approach of exploring multiple concentrations for each component, combined
with the use of the BOBYQA optimization technique within the inverse method, represents
a significant advancement in chromatographic parameter estimation. By investigating
six different concentrations for each component simultaneously, this method provides a
more detailed understanding of the interactions between solute concentrations and the
stationary phase, which traditional approaches often neglect. This approach offers a robust
foundation for subsequent optimization using BOBYQA and enhances our comprehension
of chromatographic behavior.

BOBYQA, which stands for Bound Optimization by Quadratic Approximation, en-
hances optimization methods by eliminating the need for gradients and using quadratic
models within a trust region framework. This technique avoids the computational cost
associated with gradient calculations, allowing for efficient exploration of the parameter
space. BOBYQA dynamically and iteratively refines isotherm parameters to minimize
objective function discrepancies, resulting in accurate estimations even with complex,
nonlinear chromatographic data. The combined use of multi-concentration exploration
and BOBYQA optimization advances chromatographic research by providing an effective
framework for addressing analytical complexities.

2.4. Chromatographic Model Simulation

In this model, we assume continuous equilibrium between the stationary and mobile
phases and utilize an apparent dispersion component to account for the band-widening ef-
fects of both axial dispersion and the finite mass transfer kinetics rate. For every component
of the sample, the following mass balance equation is used [32,33]:

d(pcp;
+ dlpers) + V-J; + u-Ve; =0 (2
_at ~—~— \v/ ‘
Rate of accumulation of the speciesi  Rate of the species i adsorbed Total mass  Rate of spectes t due
to solid particles transfer flux to convenction
Ji=—( Dy; + Dei(ar,ar) )Vc; (3)
_\/_/
Diffusion coefficient ~ Dispersion coefficient

d(pcpi) _ c 0 dep
ot PkP,za CP,zmg (4)
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kL,iCpmax,iCi

5
1+ kL,iCi ®)

kp,iL =

For the mass transfer Equation (3), the adsorption term of the solute species adsorbed

on the surface of the particles is in equilibrium with the solute species of the column.

Equation (4) represents the rate of change in the mass of the adsorbed species i per unit

volume of the porous medium with respect to time. The kp; ; is the adsorption equilibrium

constant for species i in the liquid using the Langmuir isotherm. In Equation (5), K} is

the Langmuir equilibrium constant and C;, yx the maximum adsorption capacity. On the
Table 1, the initial and boundary conditions that have been used are listed.

Table 1. Initial and boundary conditions.

Phvsics Inlet (z = 0) Outlet Adsorber Wall Initial
y = (L = 50 mm) (R = 0.0465 in) Condition
No flux

Mass transfer c(t,z=0)=u(t) n(D;Ve;) =0 =0

—nJ=0
Where u(t) is the rectangle pulse injection function. Comprehensive descriptions of the solvent system used, along
with detailed calculations for the diffusion and dispersion coefficients of the hydroxylamine intermediate and
isobutyrate ester, are available in the Supporting Information.

3. Results and Discussions
3.1. Determination of Isotherm Constants for the Single-Component Data Using the
Inverse Method

Utilizing the inverse method, the isotherm constants for the adsorption of hydroxy-
lamine and isobutyrate products on our solvent were determined. The method was vali-
dated by confirming that the Langmuir constants obtained through the method matched
the experimental data for six different inlet concentrations on a concentration range of
1 mM to 25 mM for both components. The use of a rectangle pulse was determined to be
suitable for the determination of the isotherm constants. The Langmuir constants provide
information regarding the maximum adsorption capacity of the stationary phase and the
solutes’ affinity for the stationary phase.

Prior to determining the isotherm parameters, baseline correction, peak fitting with a
92% R-squared Gaussian equation, and normalization were performed on the experimental
chromatography data in this study. These pretreatment steps are essential for the precise
determination of the isotherm parameters, as they ensure that the chromatogram peaks
are well defined and comparable across a variety of samples and experimental conditions.
The peak fitting’s high R-square value suggests that the Gaussian equation is a reasonable
fit for the experimental data and that the peaks are symmetrical. The Langmuir isotherm
model is commonly used to characterize the behavior of molecules during the adsorption
process, and the Langmuir constants (K and Cp,max) are essential parameters of this model.
According to Table 2, the Langmuir constants for the hydroxylamine intermediate and
5-isobutyrate ester were found to be 0.00063409 and 0.00075756, respectively. These values
are comparatively similar, suggesting that the two components have similar affinity for the
stationary phase. Cpmax values of 645.24 and 752.25 for the hydroxylamine intermediate
and 5-isobutyrate ester, respectively, indicate that the maximal amounts of these substances
that can be adsorbed onto the stationary phase are comparable.

Table 2. Isotherm constants and fitting of the Statistical Sum of Squares Ratio (FSSR) using the inverse
method.

On Component K;, (m3/mol) Cp,max (mol/kg) FSSR

Hydroxylamine intermediate 0.00063409 645.24 0.9894
5-Isobutyrate ester 0.00063756 752.25 0.9941
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Looking at Figure 3, these isotherm constants are reasonable since the peak of the
hydroxylamine compound is around 12 min while for the isobutyrate ester it is around
14 min.
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Figure 3. Model fitting for a set of Langmuir isotherm constants. (a) Hydroxylamine intermediate
and (b) Isobutyrate ester.

The high values of the FSSR (fraction of sum of squares owing to residuals) indicate a
superior fit between experimental data and the Langmuir model. The high FSSR values
obtained in this investigation, 0.9894 for hydroxylamine and 0.9941 for isobutyrate ester,
indicate that the Langmuir isotherm model accurately characterizes the adsorption behavior
of these components on the stationary phase. The high FSSR values obtained in this study
provide strong support for the accuracy of the Langmuir isotherm model, and the close
accord between the Langmuir constants for the two components validates the inverse
method used to determine the constants. This finding validates the ability of the Langmuir
isotherm model to reliably predict the behavior of adsorption processes for a wide variety
of components and experimental conditions. The validation of the Langmuir constants for
hydroxylamine and isobutyrate ester for multiple concentrations with the experimental data
is also a crucial step in evaluating the accuracy and dependability of this model. Different
concentrations of these two components result in the same retention time, indicating that
the interaction between the component and stationary phase remains constant throughout
the concentration range. This is advantageous for chromatographic separations because
it permits consistent elution of the component, making it easier to optimize separation
conditions.

3.2. Effects of Dispersivity Coefficient on Chromatography Profile

The dispersivity coefficient (D) is a quantitative measure utilized in chromatographic
systems to assess the relative effects of hydrodynamic dispersion and molecular diffusion
on solute transport within the matrix of the column. The variation in the elution profiles
of a 25 mM hydroxylamine intermediate at various values of D is illustrated in Figure 4.
With a D value of 1077, the resulting peak is sharply defined, with a steep rise and fall
that indicates a highly efficient chromatographic separation where band broadening is
minimal. The observed widening of the peak as D approaches 10~8 and 107 indicates an
intensification of the interaction between diffusive and dispersive phenomena, resulting in
prolonged retention times and improved peak dispersion. At the highest value, when D is
equal to 1079, the peak shows significant widening, with the longest retention time and
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the smallest relative peak height among the range that was examined. At a dispersivity
coefficient of 107°, the heightened interaction between solute molecules and the stationary
phase substantially increases peak tailing, directly affecting the separation’s selectivity and
analytical resolution. This condition emphasizes the importance of fine-tuning the disper-
sivity coefficient to maintain the balance between peak efficiency and resolution, which is
essential for achieving the stringent purification standards required for the production of
high-purity hydroxylamine intermediates in molnupiravir synthesis.

o]
(9]
|

[e]
o
I

—_
(83}
1

sy
o
1

1%
1

o
|

Concentration of Hydroxylamine intermidiate (mM)

Time (min)

Figure 4. Effects of dispersivity coefficient on the injected 25 mM hydroxylamine compound outlet
chromatography profile.

3.3. Effects of Injection Volume on Chromatography Profile

In the optimization of chromatographic methods, the injection volume plays a pivotal
role, as demonstrated in the chromatograms of a 25 mM hydroxylamine intermediate
depicted in Figure 5. With an increase in the injection volume from 0.06095 mL to 0.9752 mL,
a trend is observed where larger volumes lead to an elongation of retention times and
an expansion of peak widths. This expansion indicates a more pronounced engagement
of the solute with the stationary phase, a consequence of providing a greater quantity of
the sample for adsorption—desorption processes within the column. The smallest volume,
0.06095 mL, is associated with the narrowest peak, suggesting that the solute band is tightly
constrained with minimal longitudinal and transverse diffusion. As the volume increase,
the peak broadens due to enhanced longitudinal diffusion, and the retention time extends,
attributable to the increased mass of solute interacting with the stationary phase. The
largest volume, 0.9752 mL, presents the most extended elution profile, which signifies a
heightened solute—stationary phase interaction time and a greater degree of band spreading.
These phenomena collectively underscore the sensitivity of the chromatographic system
to injection volumes, emphasizing that precise control over this parameter is essential for
maintaining the desired selectivity and resolution within the chromatographic separation.
This sensitivity is well documented in the literature, with studies by Ren et al. (2013) and
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Boonen et al. (2013) highlighting the critical role of injection volume in chromatographic
performance [34,35]. Our findings further confirm the necessity of precise injection volume
control for achieving optimal chromatographic outcomes.

N
(&)]
1

N
o
]

—— 0.06095 mL
——0.1219 mL
0.2438 mL
0.4876 mL
—0.9752 mL

-
(&) ]
1

o

I
8 10 12 14 16 18 20 22
Time (min)

Concentration of Hydroxylamine intermidiate (mM)

Figure 5. Effects of injection volume on the injected 25 mM hydroxylamine compound outlet
chromatography profile.

3.4. Effects of Flowrate on Chromatography Profile

The inlet flowrate is a pivotal parameter in chromatographic separations, as it directly
influences the interaction between the analyte and the stationary phase, as well as the transit
time of the analyte through the column. Figure 6 provides a detailed examination of how
varying the flowrate impacts the elution profile of a 25 mM hydroxylamine intermediate. At
the lower end of the studied range, a flowrate of 2 mL/min results in a pronounced retention
time and notable peak broadening, signifying a more extensive engagement between the
analyte and the stationary phase. This can be attributed to the slower passage of the mobile
phase, which allows for increased solute diffusion both longitudinally along the column
and transversely across the column’s width, resulting in a heightened probability of solute
interaction with the stationary phase and consequent band spreading. As the flowrate
escalates to 7 mL/min, a decrement in both peak width and height is observable, which
reflects a reduction in the analyte’s retention time and a contraction in band spreading.
At this elevated flowrate, the analyte’s residence time within the column is significantly
reduced, diminishing the opportunity for diffusive spread and resulting in a more efficient
elution profile. However, the acceleration of the mobile phase may also curtail the solute—
stationary phase interactions essential for achieving optimal resolution. The intricate
interplay between flowrate and chromatographic output is exemplified by the transition
from broad, dilated peaks at low flowrates to constrained, attenuated peaks at higher
flowrates. These observations substantiate the necessity of meticulously balancing flowrate
to optimize chromatographic resolution and throughput.
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Figure 6. Flowrate effects on the injected 25 mM hydroxylamine compound outlet chromatogra-
phy profile.

3.5. Effects of Column’s Geometry on Chromatography Profile

The length and diameter of the column play crucial roles in chromatographic separa-
tion performance. A longer column length provides a greater surface area for interaction
between the analyte and stationary phase, thereby enhancing separation efficiency. How-
ever, shorter columns are more susceptible to band broadening due to factors such as
longitudinal diffusion and extra—column effects. A larger diameter column will have a
larger cross—sectional area, which can result in a slower linear velocity of the mobile phase.
Consequently, this can impact the flow of the solute through the column. For instance,
hydroxylamine may have a longer retention time in a column with a larger diameter if it
interacts more with the stationary phase. In contrast, a column with a smaller diameter
will have a smaller cross—sectional area, resulting in a greater linear velocity and a shorter
retention time. However, a diameter that is too small can result in high pressure drops,
which may cause column damage or a reduction in separation efficiency. According to
Figure 7, a 10% to 20% change in column length did not significantly affect the peak height
when the column length varied from 40 to 60 mm, while it mainly affected the retention
time. On the other hand, the change in column diameter from 1.68 mm to 2.52 mm had a
greater impact on the height of the peak. This result may indicate that the diameter of the
column has a greater effect on separation performance than column length.
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Figure 7. Column length and diameter effects on the injected 25 mM hydroxylamine compound
outlet chromatography profile.

3.6. Investigating the Effect of Operational Conditions on Peak Resolution

In this study, the influence of flowrate and injection volume on the chromatographic
separation of hydroxylamine and isobutyrate ester was investigated. Flowrate and injection
volume are crucial parameters that can influence the separation efficiency of a chromato-
graphic column. Resolution, the degree to which two adjacent peaks in a chromatogram
can be distinguished, is a crucial chromatographic parameter.

It quantifies the separation performance of a column; the greater the resolution be-
tween two peaks, the greater the column’s separation performance. R is the resolution
factor, t1 and #2 are the retention durations of the two adjacent peaks, and w1 and w2 are
the baseline peak widths.

22—t
Cwl w2

Our findings demonstrated that the flowrate of the mobile phase significantly affected
the chromatographic separation of these two components. According to Figure 8, changing
the flowrate from 3 mL/min to 7 mL/min significantly altered the resolution and separation
efficacy. At higher flowrates, the analyte retention time was shorter, resulting in a lower
resolution, whereas at lower flowrates, the analyte retention time was prolonged, resulting
in a higher resolution. Up until 7 mL/min, there was no separation and the resolution was
around 0.8. Ideally, it has to be more than 1.5 for the species to be separated. Optimizing the
flowrate is, therefore, essential for attaining the desired separation efficiency and resolution.

Another variable that can affect the separation efficacy of a column is the injection
volume. According to our findings, the effect of variation in the injection volume on
resolution is minimal. Changing the injection volume from 0.1219 mL to 0.4876 mL did
result in peak broadening but the resolution remained low. According to Figure 9, even for
different flowrates like 2 mL/min and 7 mL/min, the resolution remains similar. Finally,
calculating the peak resolution by varying the volume injected and the flowrate can guide
us through the effects of these two parameters and how they contribute to the separation of
the two components.



Processes 2024, 12, 1273 12 of 17

(a)

*  Hydroxylamine intermidiate
*  5-Isobutyrate ester

N N
o (3]
1 |
———
—

o
1

[$]
1

Outlet Concentration (mM)
>
1

6
Flowrate (mL/min)

20

Time (min) °

40

w
o
/

Hydroxylamine intermediate F=2ml/min
5-Isobutyrate ester F=2ml/min
Hydroxylamine intermediate F=7ml/min
5-Isobutyrate ester F=7ml/min

N
[}
1

N
o
L

-
(&)
!

-
o
L

Outlet Concentration (mM)

0.5
0.4

10 0.3

Time (min) 20

0.2
30 0.1 Injection volume (mL)

Figure 8. Impact of Flowrate and Injection Volume on Outlet Concentration: (a) Outlet concentra-
tion profiles at varying flowrates, (b) Outlet concentration profiles at varying injection volumes

0.75
0.7
> -
/04 0.5
0.3 ) ’

0.2
0.1

and flowrates.

0.8

0.7

0.6

05

Peak resolution

04

0.3

3
4
5
Flowrate (mL/min) g
7

Figure 9. Effects of Injection Profile on Peak Resolution for various flowrate and injection volumes.

Volume (mL)



Processes 2024, 12, 1273

13 of 17

3.7. Investigating the Effect of Geometry on Peak Resolution

In this study, the influence of column geometry on the peak resolution of hydrox-
ylamine and isobutyrate ester during reverse-phase chromatographic separation was
investigated. To accomplish this, we varied the chromatography column’s length and
diameter to determine the optimal separation parameters. The length of the column had a
substantial effect on the separation efficacy, whereas the diameter had a diminished effect.
Specifically on Figure 10, we discovered that tripling the length of the column, from 50 mm
to 150 mm, resulted in the complete separation of the two components. This was confirmed
by calculating the resolution between the two peaks, which demonstrated a significant
increase in separation efficacy. The increased contact time between the stationary and
mobile phases, which permits greater interaction and adsorption of the solutes, contributes
to the increased separation efficiency with increasing column length. This results in a longer
retention period and a higher peak resolution.
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Figure 10. Impact of Column Geometry on Outlet Concentration: (a) Variation with column length.
(b) Variation with column diameter for lengths of 50 mm and 150 mm.
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In contrast, a 20% change in the diameter of the column did not significantly enhance
peak resolution. In our 50 mm geometry, the 20% increase in separation efficacy was
insufficient to accomplish complete separation of the two components. This is likely
because increasing the column diameter reduces the linear velocity of the mobile phase,
resulting in extended retention durations for both components. In addition, increasing
the diameter of the column can reduce the number of theoretical plates. The number
of theoretical plates is a measure of separation efficacy and represents the number of
equilibrium stages required for complete component separation. Due to changes in mass
transfer kinetics or flow patterns, increasing the diameter of a column could theoretically
result in a reduction in the number of notional plates. This indicates that for this particular
separation, the column length is a more important factor than the diameter.

The resolution between the two peaks for various column geometries is depicted in
Figure 11. As anticipated, resolution increases with increasing column length. For instance,
the resolution between the two peaks is substantially greater in the 150 mm column than in
the 50 mm and 100 mm columns. This demonstrates the significance of optimizing column
length to attain the desired separation performance. In addition, it suggests that further
increases in column length could result in an even higher resolution between the two peaks.

11.5
1.6

1.4

1.2

Peak resolution

100

Diameter (mm)1 8 16 50 Length (mm)

Figure 11. Column geometry effects on peak resolution.

Figure 11 demonstrates that the effect of column diameter on resolution is less signifi-
cant. Although a 20% increase in column diameter resulted in a modest enhancement in
resolution for the 50 mm column, the effect was not as significant as the effect of column
length. Once the optimal diameter has been determined, further increases in diameter may
not have a significant effect on separation efficacy.

4. Conclusions

The inverse method was applied to determine the isotherm constants for the adsorp-
tion of hydroxylamine and isobutyrate products in an isocratic acetonitrile and formic acid
aqueous solvent. The method was validated using six different inlet concentrations for both
components, and the method’s calculated Langmuir constants matched the experimental
data. The high FSSR values indicated an excellent model fit. This study examined the
effects of flowrate, column geometry, the dispersivity coefficient, and injection volume
on the chromatographic profile of the peaks. The results demonstrated that the flowrate,
column length and diameter, dispersivity coefficient, and injection volume have a sub-
stantial effect on the retention time, peak shape, peak width, and separation efficiency
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of the two components and their chromatographic peaks. A slower flowrate and longer
column length generate broader peaks and longer retention times, whereas a larger column
diameter slows the linear velocity of the mobile phase, thereby extending the retention time.
A greater dispersivity coefficient and injection volume can cause solute bands to expand
and interact more with the stationary phase, thereby altering the shape and retention time
of the peak. The effects of column geometry and operating conditions on the performance
of chromatographic separation were studied. It was shown that the length and diameter
of the column play significant roles in separation efficiency, with column length having a
greater effect than diameter. Flowrate had a greater influence than injection volume on
separation efficiency and resolution. The results indicate that optimizing column length
and flowrate is essential for attaining the separation efficiency and resolution desired. The
findings of this study provide important insights into the optimization of chromatographic
separation performance of the 5'—isobutyrate ester and the hydroxylamine intermediate.
Future perspectives in chromatographic separation include validating obtained results
with experimental data, evaluating isotherm equations, comparing the inverse method to
other techniques, examining solvent effects, and refining knowledge to contribute to the
production of molnupiravir and the efficient development of a COVID-19 antiviral drug.
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concentrations over time.
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Nomenclature

Symbol Variable Units
Cp,max Maximum adsorption capacity of species i on the adsorbent ~ mol/m?
i Concentration of species i in the liquid mol/L
D Effective dispersion coefficient m?/s
Dy Diffusion coefficient of species i in the liquid phase m?/s

€p Porosity of the porous medium -

Ji Total mass transfer flux of species i mol/(s-m?2)
kB Boltzmann constant J/K

KL Langmuir adsorption equilibrium constant for species i L/mol
L Column length m

N Number of theoretical plates -

n Outward normal vector at the column wall -

r; Residual between simulation and measurement for speciesi -

P Density of the solid particles kg/m3
R Column radius m

r Hydrodynamic radius of particle m

tR Peak retention time s

T Temperature K

t Time s
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u Velocity of the liquid m/s
w Base peak width s
Z Axial coordinate along the column length m
n Solvent viscosity Pa-s
Abbreviations  Variable

API Active pharmaceutical ingredient

C18 A type of bonded phase employed in the column

C4 Butyl silica

C8 Octyl silica

CM Continuous manufacturing

ECP Elution by characteristic point

ED Equilibrium-dispersive model

EUA Emergency Use Authorization

FA Frontal analysis

GR General Rate model

MS Mass spectrometry

OBD Optimized for Broad Design

PM Perturbation

POR Lumped pore diffusion model

RPC Reversephase chromatography

RPLC Reversed-phase liquid chromatography

D Transport-dispersive model

UHPLC Ultra-high-performance liquid chromatography

uv Ultraviolet
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