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INTRODUCTION: CALIBRATION vs VALIDATION

Definitions

Term

Calibration

Validation

Verification

Qualification

Definition

The process of demonstrating that a
particular instrument or device
produces results within specified
limits by comparison with results
produced by a reference or standard
over an appropriate range of
measurements.

The process of establishing, through
documented evidence, that a
method, system, or process
consistently produces a result
meeting its predetermined
specifications and quality attributes.

Confirmation that a previously
validated pharmacopoeial method
performs acceptably in the specific
laboratory with the specific
equipment and analyst.

Documented evidence (IQ, OQ, PQ)
that equipment is installed correctly,
operates correctly, and performs
correctly for its intended purpose.

Regulatory Basis

ISO/IEC 17025;
USP (1058)
Analytical
Instrument
Qualification

ICH Q2(R1);
USFDA 21 CFR
Part 211; USP
(1225)

USP (1226); ICH
Q2(R1) Section 4

USFDA Process
Validation
Guidance 2011;
GAMP 5

Why Calibration and Validation are Mandatory

Frequency

Daily/before
use, or per
SOpP

At method
development;
before routine
use; on major
change

When
adopting
compendial
method

At
installation;
periodically

Ensure data integrity and accuracy — analytical results used for drug release decisions
Regulatory compliance — USFDA 21 CFR Parts 210, 211 and EU GMP Annex 11/15

ICH Q2(R1) mandates method validation for all analytical procedures submitted in regulatory
filings

Prevent product recalls, patient harm, and regulatory action due to wrong analytical results
Traceability — results traceable to National/International Standards (NIST, BIPM)

GLP (Good Laboratory Practice) and GMP (Good Manufacturing Practice) compliance

Instrument Qualification — 1Q, OQ, PQ Framework

The USFDA and USP (1058) describe a 4-stage instrument qualification framework for analytical
instruments in pharmaceutical laboratories:

Stage  Full Name What is Done Examples Who Does It

Design
Qualification

Procurement/QA
with vendor

Documented
evidence that

Specifying UV
wavelength range,

DQ
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Stage

Full Name

Installation
Qualification

Operational
Qualification

What is Done

proposed design
meets user
requirements
(URS)

Documented
evidence that
instrument is
installed correctly
per manufacturer
specifications

Documented
evidence that
instrument
operates correctly

Examples Who Does It

detector sensitivity,
HPLC pressure range

Checking power
supply, environment
(T, humidity),
software version,
spare parts, cGMP
documentation,
column oven
connections

QA/Engineer at
installation

Wavelength accuracy
test, baseline noise,
detector linearity,
flow rate accuracy

QC/Validation
team

throughout
defined ranges

(HPLC), temperature
accuracy

Documented
evidence that
instrument
consistently
performs
according to
specification for
its intended use
(ongoing)

System suitability
tests, theoretical
plates, USP tailing
factor, injection
reproducibility
(HPLC)

Analyst before
each analytical
run

Performance
Qualification

% Exam Trap: DQ — IQ — OQ — PQ is the CORRECT ORDER of qualification. Many students
confuse OQ with PQ. OQ = instrument operates correctly (equipment-focused). PQ = instrument
performs correctly for the specific intended method (method + instrument together). This
distinction is a guaranteed 2-mark question.
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ICH Q2(R1) METHOD VALIDATION

Overview of ICH Q2(R1)

ICH Q2(R1) (International Conference on Harmonisation — Validation of Analytical Procedures:
Text and Methodology) is the primary international guideline for analytical method validation.
Published 1994, revised 2005. Applicable to all analytical procedures submitted in ICH regions (US,
EU, Japan).

ICH Q2(R1) defines 4 categories of analytical procedures with different validation requirements:

Category Type of Test Validation Parameters Required

Identification tests (confirm

identity of analyte) Specificity only

Category I

Category II

— Quantitative determination  Specificity, Linearity, Range, Precision, Accuracy,
Quantitative of impurity LOQ

impurities

Category II
— Limit Limit tests for impurities Specificity, LOD
tests

Category III Assay of drug substance or = Specificity, Linearity, Range, Precision
gory drug product (content) (repeatability, intermediate), Accuracy, Robustness
Depends on test — typically Precision, Range,

Category IV Dissolution, particle size Robustness

Validation Parameters — Detailed Explanation

Specificity (also called Selectivity)

Definition: The ability of an analytical method to measure accurately and specifically the analyte of
interest in the presence of other components (impurities, degradation products, excipients, matrix
components) that may be expected to be present.

For assay: Demonstrate that the method measures only the drug, not impurities or excipients. If
chromatographic: demonstrate peak purity (diode array or MS confirmation).

For impurity testing: Demonstrate ability to detect each specified impurity and that impurity peaks
don't overlap with the drug peak.

» Test method: Spike drug formulation with known impurities; run method; confirm drug peak
unaffected and impurities are resolved.

Forced degradation (stress testing): Acid, base, heat, light, oxidation degradation — confirm
degradation products don't interfere with drug quantification (peak purity >990 for HPLC-
PDA).

»® ICH Requirement: Specificity must be demonstrated for ALL four categories. It is the
FOUNDATION of all other validation parameters — if the method is not specific, no other parameter
is meaningful.
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Linearity

Definition: The ability of the method to produce results (test results/response) that are directly
proportional to the concentration (quantity) of analyte in the sample within a given range.

y = mx + ¢ (Linear regression equation)

Where: y = detector response (absorbance, peak area, etc.) | m = slope | x = concentration | ¢ = y-
intercept

Parameter Acceptance Criterion Pharmaceutical Example

Correlation r>0.999 (ICH recommends r* = HPLC assay of aspirin: r = 0.9998
coefficient (r) >0.999) across 80-120% of target concentration

Should not differ significantly
Y -intercept from zero (% of response at
100% concentration)

Acceptable if intercept < 2% of 100%
level response

Should be consistent; residuals = Check residual plot — systematic

Slope . . .
P should be random curvature indicates non-linearity

At least 5 concentration levels Foggissay: SRR, 110, 120% of

Minimum levels . nominal; for impurities: LOQ to 150%
spanning the range . .
specification

% Exam Trap: ICH Q2(R1) requires minimum 5 data points for linearity assessment. r > 0.999 is
the common acceptance criterion for pharmaceutical assay methods. But ICH actually recommends r?
>0.999 (r > 0.9995). Both values may appear in MCQs — know both!

Accuracy (also called Trueness)

Definition: The closeness of agreement between a measured value (test result) and the true or
accepted reference value. Expressed as % recovery of known added analyte.

% Recovery = (Mean Measured Concentration / True Concentration) x 100

Testing method: Prepare samples at minimum 3 concentration levels (80%, 100%, 120% of target),
each in triplicate (n =9 total samples minimum). Measure % recovery at each level.

Test Type How to Determine Accuracy Acceptance Criterion

98.0-102.0% recovery (ICH);
tighter: 99.0-101.0% for release
assay

Drug substance Compare against certified
assay reference standard (CRS/RS)

Drug product assa Spike placebo with known amount = 98.0-102.0% (may widen based on
gp Y of API; analyse and compare dosage form complexity)

Impurity Spike drug with known 80-120% recovery (ICH); or 70—

quantitation concentration of each impurity 130% at LOQ level
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Dissolution

Precision

How to Determine Accuracy

Standard solution comparison

Acceptance Criterion

97.0-103.0% for dissolution assay
methods

Definition: The closeness of agreement between a series of measurements obtained from multiple

sampling of the same homogeneous sample under prescribed conditions. Precision does NOT require
knowledge of the true value (unlike accuracy). Expressed as % RSD (Relative Standard Deviation)
or coefficient of variation (%CV).

Repeatability
(Intra-day)

Intermediate
Precision
(Ruggedness)

Reproducibility
(Inter-
laboratory)

%RSD = (Standard Deviation / Mean) x 100
ICH Q2(R1) defines three levels of precision:

Definition

Same analyst,
same instrument,
same lab, same
day, short time
interval

Same lab,
different analyst
and/or different
day and/or
different
equipment

Different
laboratories —
collaborative
studies for
standardisation

Conditions

Same analyst, same
equipment, same
day, >6
determinations at
100% or >3 levels x

3=9

Different analyst,
different day,
different column
(HPLC), >6
determinations

Method transfer
between labs; 2+
labs analyse same
samples

Acceptance
Criterion

%RSD <2.0%
for assay
methods; < 5%
for impurity
methods

%RSD <3.0%
for assay; < 10%
for impurity
methods

%RSD specified
based on analyte
and matrix
(HORRAT
value)

Example

Analyst A
measures
aspirin 6 times
on Monday:
mean=100.2%,
RSD=0.5%

Analyst B
measures same
samples on
Thursday on
another HPLC
column

Two contract
labs and the
originator lab
measure the
same batch

# Exam Trick: For assay methods: Repeatability %RSD < 2%. For impurity methods: %RSD < 5—
10%. For biological assays: %RSD up to 15-25%. These % values are commonly asked in MCQs.
Repeatability < Intermediate Precision < Reproducibility — the further apart the conditions, the
higher the allowed %RSD.

Limit of Detection (LOD)

Definition: The lowest concentration of analyte in a sample that can be detected (but not necessarily
quantified precisely) under the stated experimental conditions.

| LOD = 33x6/8S

Where: ¢ = standard deviation of response (from blank, calibration line, or residuals) | S = slope of
calibration curve
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Alternative methods to determine LOD:
Visual evaluation: Lowest concentration giving a detectable signal distinguishable from blank

Signal-to-noise ratio method: LOD = concentration giving S/N ratio of 3:1 (most common in
HPLC/GC)

Calibration curve approach: LOD = 3.36/S (ICH recommended for non-instrumental
methods)

Limit of Quantitation (LOQ)

Definition: The lowest concentration of analyte that can be quantitatively determined with suitable
precision and accuracy under the stated experimental conditions.

LOQ = 10x6/S

Where: o = standard deviation | S = slope of calibration curve

Signal-to-noise ratio at LOQ: S/N = 10:1 (most common for chromatographic methods)

Parameter LOD | 010;

DETECTION only — is analyte QUANTIFICATION — how much
present or absent? analyte is present?

Purpose
S/N ratio >3:1 >10:1
Formula 33x6/8S 10 xoc/S

Pr-ecmon at Not spemﬁed (too imprecise to 9%RSD < 10-15% at LOQ level
this level quantify)

Accuracy at .
this level Not required 70-130% recovery at LOQ

When used Limit tests, impurity detection Impurity quantification, trace analysis

o Relationship: LOQ = approximately 3x LOD. Both are expressed in concentration units (ug/mL,
ng/mL, ppm). LOD is always smaller than LOQ. A smaller LOD/LOQ = more sensitive method. In
MCQs: LOD = 3.36/S; LOQ = 106/S; LOD S/N = 3:1; LOQ S/N =10:1.

Range

Definition: The interval between the upper and lower concentration (amount) of analyte in the sample
for which the method has demonstrated adequate linearity, accuracy, and precision.

Minimum Range (ICH . -
Q2R1) Justification
Assay (drug 80-120% of target

. Covers manufacturing specifications (+20%
substance/product) concentration g 5P (220%)
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Minimum Range (ICH

Q2R1) Justification

Test Type

Content

- . 70-130% of target Covers variation in tablet/capsule content
uniformity

+20% over specification e.g., if spec 275% in 45 min, range = 0—

Dissolution range 100%

Impurity LOQ to 150% of Detects up to 50% above maximum
quantitation specification limit allowable impurity

Potency assay As low as 50-150% of

(biologics) expected Accounts for broader biological variability

Robustness

Definition: A measure of the analytical method's capacity to remain unaffected by small,
deliberate variations in method parameters. Robustness provides an indication of the method's
reliability during normal usage.

Testing approach (One Factor at a Time — OFAT, or Plackett-Burman design for multiple
factors):

+ HPLC: Flow rate (£0.1 mL/min), pH of mobile phase (£0.2 units), column temperature
(£5°C), column from different lot/supplier, % organic modifier (+2%)
Spectrophotometric: Wavelength accuracy (+2 nm), sample preparation time, reagent
concentration (£5%), temperature variation

If small change causes large effect — method is NOT robust — needs tighter control or
method redesign

s Acceptance: Results within +2% of nominal value when parameters varied within stated ranges.
Report critical parameters and their acceptable ranges in the method SOP.

System Suitability Testing (SST)

Definition: Tests conducted to ensure that the complete analytical system (instrument + column +
reagents + analyst) is functioning correctly at the time of analysis. SST is not a validation parameter
per ICH Q2(R1) but is mandated by USP (621) and required before every analytical run.

Acceptance
SST Parameter Definition Formula Criterion
(USP)

Measure of column N > 2000 (most
Theoretical efficiency — number of = N =5.54 x (tR/w/2)2 OR N= = USP methods);
Plates (N) theoretical plates per 16 x (tR/w)? typically 5000-
column 20000

T <2.0 (USP);
ideal = 1.0; T <
1 = fronting; T >
2 =tailing

Measure of peak T = (A+B)/(2A) where A =
symmetry — asymmetry front half-width, B = back
of chromatographic peak  half-width at 5% peak height

Tailing Factor

(T)
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Acceptance
SST Parameter Definition Formula Criterion
(USP)

Rs>2.0
(baseline
separation); Rs
> 1.5 for
adjacent
drug/impurity

Rs = 2(tR>—tR1)/(wi1t+w2) OR
Rs =
1.18(tR>—tR1)/ (W21t wa2)

Separation between two

Resolution (Rs) adjacent peaks

k'=2-10
Retention of analyte (optimal
relative to unretained k'= (tR — to)/to retention); k' < 1
compound = inadequate

retention

Capacity Factor
(k")

0> 1.0 (both
Separation factor peaks must
between two peaks differ); a=1.0=

co-elution

Selectivity (o)

%RSD < 1.0%
RSD of 5-6 replicate (peak area); <
injections 2.0% (peak

height) for assay

Injection reproducibility
— repeatability of
injections

% RSD of peak
area/height

% CRITICAL Exam — All SST Formulas Must Be Memorised: N = 5.54(tR/w'2)? or 16(tR/w)? |
T = (A+B)/2A at 5% height | Rs = 2(tR2—tR1)/(wi+wz) | k' = (tR—to)/to | @ = k'2/k"1. These 5
formulae appear in EVERY exam in some form — MCQ, 2-mark, or 5-mark question.
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USFDA GUIDELINES FOR VALIDATION &
CALIBRATION

Regulatory Framework

The United States Food and Drug Administration (USFDA) mandates analytical method validation
and instrument calibration through multiple regulations and guidances:

Regulation / .
X Key Requirements
Guidance y Req
Automatic, mechanical,
electronic equipment in
pharmaceutical
manufacture

Calibration checks; written programs;
calibration logs; use only calibrated
equipment

21 CFR Part 211.68

Laboratory records
including analytical
method validation

21 CFR Part
211.194

Validation data must support analytical
method suitability; records retention

USFDA Guidance
— Analytical
Procedures and
Methods Validation
for Drugs (2015)

Full method validation for = Requires ICH Q2(R1) parameters +
ANDAs and NDAs additional pharmaceutical specifics

21 CFR Part 11 Electroqlc r.ecords and SysFem Yahdauon for computerised systems;

electronic signatures audit trails; access control
USFDA Process
Validation Guidance
(2011)

Process validation stages Continued process verification; statistical
(Stage 1, 2, 3) process control

USP (1058)

Analytical 1Q, 0OQ, PQ framework Minimum requirements for each
Instrument for all instruments qualification stage; documentation
Qualification

USFDA Unique Requirements vs ICH

» USFDA requires retrospective validation for legacy methods in use before formal validation
requirements

Concurrent validation allowed when retrospective data is insufficient — analyse production
batches, collect validation data simultaneously

USFDA 2015 Guidance requires demonstration of method equivalence when a validated
method is transferred between laboratories (method transfer protocol)

21 CFR Part 211.68 specifically requires written calibration schedules with results
documented — failure to document is a major warning letter observation

USFDA requires out-of-calibration (OOC) investigation — any instrument found outside
calibration limits must be investigated for impact on results produced since last successful
calibration
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*  Out-of-Specification (OOS) investigation (21 CFR 211.192) must include checking
instrument calibration status as first step

USFDA Warning Letter Observations Related to Calibration

Common USFDA 483 observations and Warning Letter citations related to calibration failures:

Using uncalibrated or expired calibration instruments for API testing

No calibration records for analytical balances, pH meters, or HPLCs
Calibration standards not traceable to NIST or other national standards body
Equipment used outside its qualified operational range

System suitability failures investigated inadequately — analysis continued without passing
SST

Incomplete or unsigned calibration logs — 21 CFR Part 11 violations for electronic records
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CALIBRATION OF ELECTRONIC BALANCE

Importance of Balance Calibration

The analytical balance is used in EVERY pharmaceutical analysis — weighing API, excipients,
reference standards. An inaccurate balance directly affects concentration of solutions, sample weights,
and ALL downstream analytical results. Regulatory requirement: 21 CFR 211.68 mandates written
calibration schedules.

Types of Balances

Type Capacity Readability Use in Pharma

. Weighing reference standards,
<

Microbalance <3¢g 0.001 mg (1 png) potent compounds
Semi-microbalance = <30 g 0.01 mg (10 pg) VHVSi%I;é‘(;Cssr?iiiZ?g;ples 9
Analytical balance <200 g 0.1 mg (0.0001 g) i‘;ﬁg:;ssiﬁlizgeparauon’
Bulk material weighing,

Precision balance <6,000 g I mg formulation

Electronic Balance Calibration Parameters

Linearity / Span Calibration
Test that the balance reads accurately across its entire capacity range.

» Standard weights used: OIML Class E2 or F1 certified weights (traceable to national
standards)

Procedure: Place certified weights at 0%, 25%, 50%, 75%, and 100% of balance capacity;
record displayed value; calculate deviation

Acceptance criterion: Deviation <+0.1% of nominal weight value, or < 1 scale division
(whichever is greater)

Repeatability (Precision)
Test that repeated weighing of the same object gives consistent results.

* Procedure: Weigh the same certified weight 10 times consecutively without removing from
pan; record each reading

* Acceptance criterion: %RSD < 0.1% (standard deviation < 0.5 x smallest scale division)

Eccentricity (Off-Centre Loading)
Test that the balance reads the same regardless of where the object is placed on the pan.

* Procedure: Place 1/3 of maximum capacity weight at centre, then at front, back, left, and right
of pan; record readings

* Acceptance criterion: Maximum difference between readings < 1.5 times scale division
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Sensitivity / Minimum Weighing Amount (MWA)
Minimum weight that can be weighed with <0.1% relative measurement uncertainty.
MWA = kxU_b/(0.001) where k = coverage factor, U_b = balance
measurement uncertainty

USP (1251): The minimum weight for a balance = the value below which weighing error exceeds
+0.1%.

» Practical rule: For an analytical balance with readability 0.1 mg — minimum weight to weigh
is typically 1020 mg for 0.1% uncertainty

Zero/Tare Function
» Verify zero point returns after removing load
* Verify tare function with multiple vessels — confirm reading of 0.0000 g for each

Environmental and Levelling Check

* Level bubble must be centred (vibration-free, anti-vibration bench)
* Temperature: 18-25°C; Humidity: 40-60% RH (avoid static charge on polymer vessels)
* Avoid air currents — close balance doors before recording reading

LEDEC D Standard / Method Acceptance Criterion Frequency
Parameter

Li . 5 certified weights Deviation <0.1% or <1 Quarterly; after
1nearity o .

across range division service

. 10 weighings, same SD < 0.5 division; %RSD < Daily / before
Repeatability certified weight 0.1% use
Weight at 5 positions on | Max difference < 1.5

pan divisions Quarterly

Eccentricity

MWA verified; minimum

Sensitivity / MWA USP (1251) protocol weight stated in SOP

Annually

No-load reading after Returns to 0.0000 + 0.5

weighing division Daily

Zero return
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CALIBRATION OF UV-VISIBLE
SPECTROPHOTOMETER

Overview

The UV-Vis spectrophotometer is the most widely used instrument in pharmaceutical analysis — used
for content assay, dissolution testing, and impurity detection. Accurate calibration is mandated by
USP (857) and BP 2.2.25.

UV-VIS SPECTROPHOTOMETER - BLOCK DIAGRAM (DOUBLE BEAM)

% N N 3.BEAMSPLTTER [ )
1. LIGHT SOURCE 2. WAVELENGTH SELECTOR 4A. SAMPLE CELL

(MONOCHROMATOR) S?lns selected light 1 cm quartz cuvette
into sample and for UV; glass for Vis only

D, lamp Diffraction grating disperses reference beams. ————
for UV light into ltls cor;:ponent 5. DETECTOR 7. RECORDER / PC
190-400 nm) waveiengihs, e Photodiod doul i
( F array Ci and displays
S

-
@ or Absorbance vs
Photomultiplier tube 6. AMPLIFIER Wavelength spectrum.
I 4 Amplifies electrical
= signal; maintains Absorbance (A)
@ W-lamp - I 22 ratio P/Py. 20
g3 15[ f j

for Vi P —
(3403:1‘/0'05nm) 4B. REFERENCE CELL
Exit slit selects a narrow 3 (BLANK)

A0
05

bandwidth (AA4). 1 cm quartz cuvette
Combined output with solvent (blank) 00
200 400 600 800 1000

provides continuous
UV-Vis radiati @ Wanslongth un)
N
[

DOUBLEBEAM INSTRUMENT Sample beam path NOTATION
The sample beam (P) and reference beam (Py) are measured simultaneously. (through sample cell) P = Intensity through sample
The i i l pi PtoPyto p for lamp intensity fluctuations,
detector drift, and other variations.

— — =~ Reference beam path Py = Intensity through reference (blank)
(through reference cell) A = -logyo (P /Po) (Absorbance)

UV-Visible Spectrophotometer Calibration Parameters

Wavelength Accuracy (Wavelength Calibration)

Purpose: Verify that the wavelength displayed by the instrument matches the actual wavelength of
radiation reaching the detector.

Absorption Maximum

Reference
(nm)

Standard Used

USP Reference
Standard; BP
Appendix

Holmium oxide filter 241.5, 287.5, 333.4, 360.9, UV-Vis (240~
(most common) 416.1, 536.4, 637.5 nm 650 nm)

Holmium oxide in
perchloric acid
solution

241.5,278.1, 287.5, 333.4, USP (857)
361.0 nm 2= recommended

For internal
wavelength
calibration

Mercury lamp 253.7,312.6, 365.0, 404.7,
emission lines 435.8, 546.1 nm
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Absorption Maximum

Standard Used
(nm)

Reference

Deuterium lamp
emission

Internal lamp

486.0, 656.1 nm Visible range calibration lines

» Acceptance criterion: Wavelength accuracy < #1 nm (UV and Vis range); for high-resolution
instruments <+0.5 nm

* Procedure: Scan the holmium oxide filter through relevant range; identify peak maxima;
compare displayed wavelength vs certified wavelength of standard

Photometric Accuracy (Absorbance Accuracy)

Purpose: Verify that the absorbance values displayed are accurate — that Beer-Lambert law is obeyed
and the photometric scale is correctly calibrated.

Standard Used Certified Absorbance Concentration / Path Reference

Approx. 60 mg/L in USP (857)
0.005 M HoSO4; 1 cm | primary
cell standard

Potassium dichromate Abs at 235, 257, 313, 350
(K2Cr20) nm specified in USP/BP

NIST
NIST SRM 930e (glass Certified %T at specific . | traceable
neutral density filter) wavelengths transmittance
standard

Cobalt ammonium Specific absorbance at Specified Photometric
sulfate solution 512 nm concentration in USP accuracy test

* Acceptance criterion: Absorbance within £0.01 Abs units of certified value (for quality
filters); or within £1% of certified %T

Stray light test using K2Cr207: Absorbance at 200 nm (cut-off region) should exceed 2.0
Abs, confirming absence of non-monochromatic radiation at analytical wavelength

Stray Light Test

Purpose: Verify that the radiation reaching the detector is only from the selected wavelength (no stray
light from other wavelengths), which would cause deviations from Beer-Lambert law at high
absorbances.

Wavelength

Filter/Solution Used Tested

Expected Result Significance

Absorbance > 2.0 (total
absorbance — beyond linear
range)

KI (12.5 g/LL
aqueous)

Tests for stray UV
light

KNOs (10 g/LL 300 nm Absorbance > 2.0 Tests for near-UV
aqueous) stray light

K:Cr:07 (0.6 g/L, S Checks stray light in
H:S0.) 200 nm Absorbance > 2.0 far UV
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Wavelength

Filter/Solution Used Tested

Expected Result Significance

Tests near-UV/visible

Acetone (in water) 330-360 nm Absorbance > 2.0
boundary

o Stray Light Principle: If stray light is present, at wavelengths where the solution fully absorbs,
SOME light still reaches the detector (the stray light). This limits maximum measurable absorbance.
USP requirement: stray light < 0.01% for pharmaceutical instruments (Abs > 2.0 at cut-off
wavelength confirms <1 % stray light).

Resolution Test
Purpose: Verify that the instrument can resolve closely spaced spectral features.

» Standard: Toluene in hexane (0.02% v/v) or benzene in hexane — ratio of absorbances at 269
nm and 267 nm

Acceptance: Ratio A(269)/A(267) > 1.5 for instruments with slit width <2 nm (confirms
adequate spectral resolution)

Or: Holmium oxide filter — peaks at 241.5 nm and 287.5 nm must be clearly resolved as
separate maxima

Baseline Flatness
* Scan blank solvent vs air or blank vs blank over the full range (190-900 nm)

» Acceptance: Baseline absorbance deviation <+0.005 Abs across the scan range

Calibration Acceptance Regulator
Parameter Standard Used Critl::rion R egf erencey Frequency
Quarterly;
after
service;
lamp
change

Wavelength Holmium oxide N USP (857); BP
accuracy filter/solution £l nm (UV-Vis) 2.2.25

Photometric K>Cr207 solution ==L 2 eeslg USP (857) Quarterly
accuracy T
Abs > 2.0 at cut-

Stray light KL KNOs, K2Cr207 of .

USP (857) Quarterly

A(269)/A(267) >

Resolution Toluene-hexane ratio 15

USP (857) Quarterly

Daily /

Baseline flatness Blank vs blank +0.005 Abs USP (857) before use

Annually /
ICH Q2(R1) method
validation

Linearity (Beer- K->Cr>07 multiple
Lambert) concentrations
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CALIBRATION OF IR SPECTROPHOTOMETER

Overview

IR spectroscopy is used for identity testing (fingerprint region 400—1500 cm™!) and characterisation
of pharmaceutical substances. Calibration ensures that wavenumber (cm™') accuracy is maintained so
spectra can be reliably compared against pharmacopoeial reference spectra.

FTIR (Fourier Transform Infrared) SPECTROMETER - BLOCK DIAGRAM

1. IR SOURCE
(mid-IR)

Globar  Nernst
(SiC) glower

Broadband IR
~4000-400 cm™!

i N
2. INTERFEROMETER (MICHELSON)

Fixed mirror
[ — |
A
Beam
splitter

(KBr)

. . i1
Moving mirror
displacement (4) |
creates optical path

difference

(" N
3. SAMPLE COMPARTMENT

Various sample interfaces
(choose one)

KBr disc
(transmission)

ATR crystal
(attenuated total
reflectance)

Liquid cell
(transmission)

( R
4. DETECTOR

Thermal detectors
(choose one)

5. COMPUTER / DATA SYSTEM

Acquires data and performs
Fourier Transform (FT)

Infrared spectrum
(%T or Absorbance
vs Wavenumber)

Interferogram

DTGS
(D d
Triglycine
Sulfate)
o

r

MCT
(Mercury
(Cadmium
Telluride)

Intensity

%iT or Abs

FT
—p
(Fourier Wv—-v
Transform)

Mirror displacement ()

4000 3000 2000 1500 1000 500
Wavenumber (cm")

‘
DISPERSIVE IR SPECTROMETER (Alternative)

Diffraction Grating Sample Compartment
IR Source 3 Detector
b ; Monochromator (KBr disc / ATR /
(Globesi/;Neenst glower) (selects one wavelength Liquid cell) (DTGS or MCT)
at a time)

Replace the interferometer with

a monochromator: Recorder / Computer

(%T or Abs vs
Wavenumber)

IR Calibration Parameters

Wavenumber Accuracy (Frequency Calibration)

Primary standard: Polystyrene film (PS film) — the universal IR calibration standard. Thin
polystyrene film has sharp, well-characterised absorption bands whose exact wavenumber positions
are internationally certified.

Polystyrene Reference

Bands (cm™) Acceptance Criterion

Assignment

3060.0 Aromatic C-H stretch +2 cm™! from certified value

Aliphatic C-H stretch

-1
(CHL) +2 cm

2849.5

1944.0 Combination band +2 cm™!

+2 cm ™ (most critical — frequently

C=C aromatic stretch
used)

1601.4

1494.0 C=C aromatic stretch 2 cm™!

1028.0 C-H in-plane bending +2 cm™

906.7 C-H out-of-plane bending +2 cm™
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Procedure: Record IR spectrum of polystyrene film; identify peak maxima for key bands;
compare observed vs certified wavenumbers

Acceptance criterion: Wavenumber accuracy <=2 cm™ (mid-IR range, 400-4000 cm™)
Alternative standard: Indene (liquid film) for near-IR calibration

Resolution Check

» Standard: CO gas cell (specific rotational lines of CO absorption, spacing 3.86 cm™!) or
polystyrene bands

For FTIR: Verify that 1601 cm™! and 1583 cm™! polystyrene bands are resolved as separate
peaks (separation ~18 cm™ — easily resolved at nominal 4 cm™ resolution)

* Acceptance: Specified resolution (e.g., 4 cm™ or 2 cm™!) as stated in instrument specification

% Transmittance / Absorbance Accuracy

» Polystyrene bands should show expected %T values (e.g., band at 1601 cm™: %T ~ 10-40%
depending on film thickness)

» For quantitative IR: use certified NaCl or KBr standard solutions at known concentrations

Signal-to-Noise Ratio (SNR)
* Measure RMS noise level in a flat spectral region (e.g., 20002100 cm ! — no absorption for
most samples)

Acceptance: SNR > 10,000:1 (peak-to-peak noise < 0.01% T in flat region) for typical FTIR
instrument

* Declining SNR indicates detector degradation, alignment problem, or interferometer issue

Sample Preparation Quality (Qualitative)
» KBr disc: No water absorption bands at 3500 cm™! (broad OH) confirming sufficient drying

* ATR accessory: Contact pressure and crystal cleanliness verified; background spectrum flat

IR Calibration

Parameter Standard Used Acceptance Criterion Frequency

Daily / before
use; after
mirror
realignment

Polystyrene film

Wavenumber accuracy (primary) / Indene

+2 cm™ at key bands

Bands at 1601 and 1583

Resolution CO gas / polystyrene cm™! resolved

Quarterly

Signal-to-noise ratio Open beam (no sample) = SNR > 10,000:1 (FTIR) Quarterly

Polystyrene film Within £2%T of certified

%T accuracy (certified film) value

Annually

Velocity stable (laser fringe = At OQ; after

Mirror velocity (FTIR) = HeNe laser reference .
count) service
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CALIBRATION OF FLUORIMETER

Overview

A fluorimeter (or spectrofluorometer) measures fluorescence intensity emitted by a sample when
excited at a specific wavelength. It is highly sensitive (10-1000x more sensitive than UV-Vis) and
selective. Used for: riboflavin assay, quinine sulfate determination, aflatoxin analysis, PAH detection

in environmental pharma.

SPECTROFLUOROMETER - BLOCK DIAGRAM (90° GEOMETRY)

e
3. SAMPLE CELL
Quartz cuvette
ALL SIDES CLEAR

KEY
Excitation and emission paths are at 90° to each other—
this eliminates scattered excitation light from

1. EXCITATION
SOURCE

2. EXCITATION
MONOCHROMATOR

(for 90° geometry) reaching the detector.

Excitation
beam
>

Selects Aexcitation
(narrow bandwidth)

Xenon arc lamp
(200-700 nm)
Aexcitation

|
@ 90° GEOMETRY :
L ik )

e T
I gp°

™
Emitted fluorescence bl

(90° to excitation beam)

Scattered excitation
light (blocked by
90° geometry)

m-=X-==

Nl ME—

7. RECORDER / PC

Displays fluorescence
spectrum

(Intensity vs
Wavelength)

i

Wavelength (nm)

4. EMISSION
MONOCHROMATOR

Selects Aemission
(narrow bandwidth)

5. DETECTOR

Emissi PMT
MISSION | (opotomultiplier Tube)

6. AMPLIFIER
Amplifies

Aemission

—— Excitation path (horizontal)

—— Emission path (vertical, 90°) SUMMARY

— Sample is excited — Fluorescence emitted in all directions —

ey

<
———p selects Aeycitation

|

Fluorimeter Calibration Parameters

Emission monochromator (at 90°) selects Apission — PMT detects — Signal amplified — Spectrum recorded.

Primary Calibration Standard — Quinine Sulfate

Quinine sulfate is the universal fluorescence standard for calibrating fluorimeters.
Solution: 1 pg/mL quinine sulfate in 0.1 M H2SOa4 (or 0.05 M H2S04)
Excitation wavelength: 350 nm (A_ex)

Emission wavelength: 450 nm (A_em)
Quantum yield: ® = 0.54 at 25°C (in 0.05 M H2S0O4) — used as quantum yield reference

Purpose: Verify excitation and emission wavelength accuracy, detector sensitivity, linearity,
and system performance

Excitation Wavelength Accuracy

Use xenon lamp emission lines or Raman band of water (at 397 nm when excited at 350 nm) to
verify excitation monochromator accuracy

Or: Mercury lamp lines (253.7, 296.7, 302.2, 313.2, 365.0 nm) for discrete check points
Acceptance: +£2-3 nm of certified emission line wavelength

Emission Wavelength Accuracy

Use xenon lamp emission lines in the visible range: 467.8, 508.6, 541.0, 594.4 nm
Or: Water Raman band: excited at 350 nm — Raman at 397 nm (broad, predictable)

Acceptance: +£2-3 nm of certified emission line wavelength
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Linearity of Fluorescence Response
Prepare 6 concentrations of quinine sulfate in 0.1 M H.SO4: 0, 0.1, 0.25, 0.5, 1.0, 2.0 pg/mL
Plot fluorescence intensity vs concentration; determine r
Acceptance: r > 0.999 across the linear dynamic range

Note: At high concentrations, inner filter effect (self-absorption) causes negative deviation
from linearity — linearity becomes nonlinear above ~5 ug/mL for quinine

Sensitivity / Detectability

Minimum detectable concentration of quinine sulfate (S/N = 3:1) at 350/450 nm
excitation/emission

Typical sensitivity: LOD = 0.1-1 ng/mL for quinine sulfate in good instruments

If LOD has degraded compared to factory specification, check: lamp intensity, PMT voltage,
cleanliness of optics and cuvette

Day-to-Day Reproducibility

» Read quinine sulfate standard (1 pg/mL) at beginning of each day
» Acceptance: Fluorescence reading within +5% of established standard value
» If drift >5%, investigate lamp aging, cuvette contamination, or monochromator drift

Calibration Parameter Standard Used Acceptance Criterion Frequency

Quarterly;
+2-3 nm after lamp
change

Xe lamp emission lines / Hg

Excitation L accuracy Jamp

Xe lamp emission lines / water

Emission & accuracy Raman

+2-3 nm Quarterly

. . Quinine sulfate 0-2 pg/mL in S At 0OQ;
Linearity 0.1IM H2SO04 r=0.999 annually
As per instrument spec (e.g.

Sensitivity / LOD Quinine sulfate at 350/450 nm LOD < 0.5 ng/mL)

Quarterly

Daily /
before
analysis

Day-to-day
reproducibility

Reading within +5% of

Quinine sulfate 1 pg/mL reference

High conc. quinine (5-10 Non-linearity documented; Method

Inner filCRECk pg/mL) dilution recommended above validation
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CALIBRATION OF FLAME PHOTOMETER

Overview

A flame photometer measures the emission of characteristic wavelengths of radiation from excited
metal atoms in a flame. Primarily used for quantitative determination of alkali (Na, K, Li) and
alkaline earth metals (Ca, Mg, Ba). Used in pharmaceutical analysis for: electrolyte assay (Na, K in
IV fluids), lithium assay, and mineral content of pharmaceutical waters.

FLAME PHOTOMETER - BLOCK DIAGRAM

=
1. GAS SUPPLY
Compressed Air

Fuel Gas
(LP Gas/Propane
or
Natural Gas)

Provides fuel + oxidant
for stable flame

.

~
2. NEBULISER / ATOMISER

Converts sample
solution to fine
aerosol mist

Sample

solution

To flame
2 »

A
U Fine aerosol
mist

Air + Fuel gas
inlet

7.

3. BURNER / FLAME
(EXCITATION ZONE)
Air-propane flame
(~1800 °C)
Sample atoms excited
in flame

Excited
atoms emit

radiation

r N
4. OPTICAL FILTER

Narrow band filter
selects specific
emission wavelength
for each element

Na: 589 nm
(yellow)

(red)

. Ca: 622 nm

(orange)

(Other elements

as required)

K: 766 nm
R -
.Li:671nm

ot

g

i N
5. PHOTODETECTOR

Converts light signal
to electrical signal

Photodiode
or
Barrier layer cell

I B’
6. AMPLIFIER

Amplifies the
electrical signal

(- B
7. READOUT / METER

Displays result as
% Transmittance
or
Direct Concentration

Concentration
(ppm or mg/L)

WORKING PRINCIPLE

das %

Sample solution is nebulised to fine mist and introduced into the flame.
The heat excites free atoms, which emit light of characteristic wavelengths.
The optical filter isolates the desired wavelength, the detector measures the intensity,
and the signal is amplified and display i i

or

+ Nebuliser: converts liquid — fine aerosol mist
+ Flame: excitation zone (~1800 °C)
1« Optical Filter: selects specific emission wavelength for each element

 Detector: photodiode or barrier layer cell

* Readout: % Transmittance or concentration (ppm, mg/L, etc.)

Analytical Lines Used

Element

Sodium
(Na)

Potassium
(K)

Lithium
(Li)

Calcium
(Ca)

Barium
(Ba)

Emission
Wavelength

589 nm (D-line
doublet)

766.5 nm

670.8 nm

622.0 nm

553.6 nm

Flame
Colour

Bright
yellow

Violet-red

Bright red

Orange-red

Green

0.1-100
pg/mL

1-100 pg/mL

0.1-50 pg/mL

1-100 pg/mL

5-100 pg/mL

Pharmaceutical Application

Na in IV saline, ophthalmic drops,
pharmaceutical waters

K in oral rehydration salts, IV fluids,
serum electrolytes

Li assay in psychiatric medications
(lithium carbonate)

Ca in antacid formulations, nutritional
supplements

Impurity testing in BaSOs for X-ray

contrast media
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Flame Photometer Calibration Procedure

Preparation of Standard Solutions

* Primary standard: Sodium chloride (NaCl, AR grade) or potassium chloride (KCI, AR grade)
— dried at 120°C for 2 hours, cooled in desiccator

Stock standard (1000 pg/mL = 1000 ppm): Weigh 2.542 g NaCl — dissolve in water —
make up to 1000 mL (1000 pg/mL Na)

Working standards: Prepare 5—7 concentrations spanning expected sample range (e.g., 10,
20, 40, 60, 80, 100 ug/mL Na) by serial dilution

Matrix matching: Add same amount of any major concomitant ions to standards as present in
sample (reduces ionisation interference)

Calibration Curve Method

Set up flame photometer: connect compressed air and fuel gas; ignite flame; stabilise 1015
minutes

Set appropriate optical filter for the element being tested (Na = 589 nm filter)
Aspirate blank (distilled water): set reading to zero (0% emission)

Aspirate highest standard: set reading to 100% or maximum scale

Aspirate each standard solution (low — high concentration); record emission reading
Plot emission reading vs concentration: calibration graph (linear regression)
Aspirate sample; read emission value from graph — interpolate concentration

Calibration Verification Parameters
Linearity: r > 0.999 across working range — plot emission vs concentration
Precision (reproducibility): Aspirate same standard 6 times; %RSD < 2%
Blank verification: Distilled water reading should be < 0.5% of full scale

Flame stability: Monitor emission of fixed standard periodically during run; should not drift
>+3%

Accuracy / Recovery: Spike sample with known amount of Na or K standard; recovery = 98—
102%

Interferences in Flame Photometry and Corrections

PR Example Correction Method
Type

High flame T
ionises excited K suppresses Na Add ionisation suppressor (CsCl,
atoms — fewer emission in high-K ' 1000 pg/mL Cs) to all standards
emitters — samples AND samples

suppressed signal

Ionisation
interference

Overlapping .
Spectral/Matrix emission lines from SRR .2 Use narrow bandpass filter; matrix

; . nm overlaps with .
interference concomitant separation
Ba at 622 nm
elements
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Interference

Correction Method
Type

Example

Different viscosity
of sample vs
standard —
different aspiration
rate — error

High sugar content
samples vs aqueous
standards

Viscosity
interference

Matrix match standards; internal
standard method

Flame itself emits
background
radiation

OH radicals in
hydrogen-air flame

Background
emission

Subtract blank reading; blank
must be identical matrix

CALIBRATION OF HPLC

Overview of HPLC and Its Pharmaceutical Importance

High Performance Liquid Chromatography (HPLC) is the most widely used analytical technique in
pharmaceutical QC. It is used for: API assay, related substance/impurity profiling, dissolution testing,
stability studies, content uniformity, and cleaning validation. HPLC calibration = System Suitability
Testing (SST) + individual module calibration.

HPLC SYSTEM - BLOCK DIAGRAM

N
1. MOBILE PHASE
RESERVOIR
Solvent bottles
(Eluent A, Eluent B
...up ton)

2. DEGASSER
Removes dissolved
gases from
mobile phase

3. HIGH-PRESSURE PUMP

Binary or quaternary
gradient pump;
delivers precise

flow rate

4. AUTOSAMPLER /
INJECTOR
Injects precise volume
of sample via
injection valve + loop

( 5. COLUMN OVEN

Maintains column
at set temperature
(e.g., 25-60 °C)

6. COLUMN

Stationary phase:
eg., C18
150 x 4.6 mm
5 pm particles

7. DETECTOR

Detects analytes
in eluent

* UV-Vis

~
8. DATA SYSTEM /
INTEGRATOR
Records

chromatogram;
calculates

(fixed A)
+ Poa / DAD
(full spectrum)
*RI
« FID
*Ms

area, height, tg

L3 J

. Mobile Phase Reservoir: Holds solvent(s) (A, B, ...).

. Degasser: Removes dissolved gases (prevents bubbles).

. Pump: Delivers mobile phase at high pressure (precise flow; gradient or isocratic).
|
|

(eluent to waste)

CHROMATOGRAM & PEAK DEFINITIONS

. Autosampler/Injector: Introduces a precise volume of sample into the flow path. !t
1 (Retention Time) ta

. Column Oven: Maintains constant temperature for reproducible retention. = Retention time (time from injection
. Column: Separates analytes based on interactions with stationary phase.
. Detector: Converts analyte signal to electrical signal.

Displays

to peak maximum)

A = Peak area (proportional to amount)

H
(Peak Height)

and calcul peak

H = Peak height (from baseline to apex)
w

T (PeskWidth Wy = Peak width at haif height

at Half Height)

TYPICAL OPERATING CONDITIONS
* Flow rate: 0.1 - 2.0 mL/min
* Pressure: up to 400 bar (or higher)
* Injection volume: 1 - 100 pL
i, & Temperature: ambient to 80 °C

Detector Response

Quantification is based on peak area (A),
typically using a calibration curve.

Time (min)

Individual HPL.C Module Calibration

Calibration

Procedure
Parameter

Acceptance Criterion

Collect mobile phase over
10 min; weigh (density
correction); convert to
volume

Flow rate
accuracy

+2% of set flow rate (e.g.,
1.00£0.02 mL/min)
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HPLC
Module

Injector /
Autosampler

Injector

Column Oven

UV Detector

UV Detector

UV Detector

Calibration
Parameter

Pressure stability

Gradient accuracy

Injection volume
accuracy

Carryover test

Temperature
accuracy

Wavelength
accuracy

Baseline noise

Linearity
(detector)

Procedure

Monitor baseline pressure
over 30 min at set flow rate

Measure composition at 10,
30, 50, 70, 90% B by
injecting acetone marker;
check UV absorbance ratio

Inject same volume 6x
(100% level standard);
compare peak areas

Inject blank after highest
concentration standard;
measure residual peak

Compare set temperature vs
measured with calibrated
NIST-traceable
thermocouple

Scan holmium oxide or
mercury lamp in-line

Record baseline with mobile
phase flowing; measure
peak-to-peak noise

Inject 6 concentrations of
caffeine or USP reference
standard

Acceptance Criterion

Pressure fluctuation < +2%

Composition +2% of
programmed value

Injection volume error <
+2%; %RSD < 1%

Carryover < 0.1% of
previous injection

+2°C of set temperature

+1 nm (same as UV-Vis
spectrophotometer)

Noise <5x10* AU for
isocratic; < 2x107 for
gradient

r > 0.999 for peak area vs
concentration

HPLC System Suitability Tests (SST) — Complete Reference

SST must be passed before each analytical run (every day analysis is performed). Based on USP
(621) and ICH Q2(R1). All five parameters tested using replicate injections of SST solution (typically
5-6 injections of system suitability standard).

SST
Parameter

Theoretical
Plates (N)

Tailing Factor

(T)

Formula

N =5.54 x (tR/w¥2)? OR
N =16 x (tR/w_base)?

Acceptance
Criterion

N =>2000 (USP

> 5000 for most
methods

T = (A+B) / (2xA) where

A = leading half-width at
5% height, B = trailing

T <2.0 (USP) Ideal:
0.9-1.5

half-width at 5% height

minimum); Typically

What Failure Means

Column degraded; wrong column;
poor mobile phase; contaminated
column

T > 2 = peak tailing (silanols); T <
0.8 = peak fronting (overload or
void)
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SST Formula

Parameter

(Rs

Rs = 2(tR>—tR1) / (witw2)
Resolution (baseline widths) OR Rs

) =
1.18(tR>—tR:1)/(WY21+wV2)

Capacity k'= (tR — to) / to (to = dead
Factor (k') time or void volume time)

o =k"/k' (k' of later

Selectivity (o)  eluting / earlier eluting

peak)

RSD of peak areas from
5-6 replicate injections

Acceptance
Criterion

Rs > 2.0 for critical
pair (baseline
separation); Rs > 1.5
acceptable

k'=2-10 (optimal
range); k' < 1 =runs
with solvent front; k'
> 20 = excessively
long run

o > 1.0 (must differ);
o = 1.0 = co-elution

%RSD < 1.0% (assay
methods) %RSD <
2.0% (impurity
methods)

What Failure Means

Drug and impurity co-elute;
inadequate selectivity for method
purpose

k' < 1: increase % aqueous or change
column. k' > 20: increase % organic
or use shorter column

If o= 1.0: change mobile phase pH,
organic modifier type, or column
stationary phase

Injector malfunction; pump
pulsation; sample evaporation; loose
connection

% USP Rule — SST Must Pass BEFORE Each Run: If ANY SST parameter fails, the analytical
run CANNOT be started. The issue must be investigated, corrected, and SST repeated until all criteria
pass. Results from a failed SST run are invalid — cannot be used for batch release decisions.

HPL.C Column Care and Calibration

Column ID test (initial): Inject USP column performance standard mixture; verify N, T, Rs

match column specification

Column equilibration: Flush with 10-20 column volumes of mobile phase before SST —

ensures stable retention times

Column pressure monitoring: Rising pressure over time = column clogging (install guard

column; replace)

Column lifetime tracking: Record number of injections; document performance decline;
replace at manufacturer-recommended injection count or when SST fails

pH stability: C18 columns stable pH 2-8; silica-based columns degrade at pH <2 or > 8 —

verify mobile phase pH
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CALIBRATION OF GAS CHROMATOGRAPH (GC)

Overview

Gas Chromatography (GC) separates volatile and semi-volatile compounds in the gas phase using a
carrier gas and a stationary phase column. Essential in pharmaceutical analysis for: residual solvents
(ICH Q3C — Class 1, 2, 3 solvents), volatile impurities, and essential oil analysis.

GAS CHROMATOGRAPH (GC) - BLOCK DIAGRAM

1. CARRIER GAS SUPPLY 2. INJECTOR PORT [ 3. GC COLUMN IN COLUMN OVEN 4. DETECTOR 5. ELECTROMETER / 6. DATA SYSTEM
He or N, Split / Splitless Capillary Column (FID defauit for ICH Q3C) AMPLIFIER
(High Purity) Heated to 200-300 °C

Records,
15-60 m x 0.25 mm ID x 0.25 pm film FID: Hy / air flame Converts detector processes and
(e.g., 5% Phenyl Methylpolysiloxane) Flame ionises organic C current to voltage; displays data

|

: |

Sample vaporises [ — current amplifies signal
|

instantly (Chromatogram:

Signal vs Time)

Column Oven
(Programmed Temperature)

5 & == = - = HyIn Flame  Airln
ressure ow = - a -~ = i
Sample — & ) — 1
Regulator Controller P ' N
| |

Signal (mN)

St i Collector _
i 3 Electrode [
Vent I | RToCw 0 5 0 5 2 %
(Split Injection) Time (min)

Carrier gas pressure regulator ol NI N | T
ensures constant inlet pressure; ! I [OgIAM DA Makeup Gas
50 — 250 °C at 10 °C/min N

flow controller sets precise
carrier gas flow. Other Detectors Available:
FID, ECD, TCD, MS

{ GC FLOW SEQUENCE P TYPICAL COLUMN OVEN PROGRAM 1 | FID DETECTOR (SCHEMATIC) | KEY POINTS
| 1. Carrier gas (He or Ny) is pressurised, regulated and flow-controlled. i Airin I 1o caniorias: HaorNy inert)

2. Sample is injected at the injector port (split or splitless). & A ||+ Injector Temp: 200-300 °C

In split mode, part of sample vents to waste (split vent). | | 250 N | | WORKING PRINCIPLE (FID) + Oven: Temperature programmed

| 3. Sample vapour is carried into the column inside the oven. 14 8] (Oiacic caaflk it ohsting from the cokimn + Detector: FID (default for ICH Q3C)
| Components separate based on volatility and interaction. i 10 °C/min & bumin Hy/aic flame. | sl gi‘;:::;v :;::)atogram
|| 4. Eluted components enter the detector FID by default for ICH Q30). | | | I
| 5. Detector signal is converted and amplified. | |
| 6. Data system records and displays chromatogram.

| | Temp(C)

generating a current proportional to the

ta = Retention Time
amount of carbon.

A = PeakArea
| Makeup Gas Jl ! H = Peak Height
{ (N;) Out || wia = Peak Width at Half Height

Time (min)

GC Calibration Parameters

Column Temperature Calibration

Method: Place calibrated NIST-traceable thermocouple at the column position inside oven

Test: Set oven to 50°C, 100°C, 150°C, 200°C, 250°C; record actual temperature at each
setpoint

Acceptance: +£3°C of set temperature for each point
Temperature programme accuracy: Ramp rate (°C/min) should be within +£10% of set rate

Carrier Gas Flow Rate

Method: Use a calibrated soap-bubble flowmeter or electronic flow meter at column outlet

Acceptance: Flow rate within £5% of set value (e.g., 1.00 + 0.05 mL/min for capillary
columns)

Head pressure: Constant column head pressure ensures constant flow rate — check pressure
gauge calibration

Injector Temperature Calibration
» (alibrate injector block temperature with NIST-traceable thermocouple at OQ stage
* Acceptance: £5°C of set injector temperature (typically 200-280°C for pharma GC)
» Verify complete volatilisation of all compounds in sample at set temperature

© Noteskarts.com | B.Pharma 8th Semester | ICH Q2(R1) - IQ/OQ/PQ - HPLC SST - UV-Vis - IR - Fluorimeter - GC |
noteskarts.com




BP811ET — UNIT lll | Calibration & Validation | ICH Q2(R1) - USFDA - 7 Instruments | NOTESKARTS Premium
Notes

Detector Calibration — FID (Flame Ionisation Detector)

DDl D Procedure Acceptance Criterion
Parameter
Inject 6 concentrations of n-
hexadecane or methyl stearate
Detector linearity (or ICH Q3C residual solvent
mix) spanning 3 orders of
magnitude

r > 0.999; linear dynamic range > 10°
for FID

Inject decreasing
concentrations of n-decane LOD < 1 ng injected on-column for FID
until S/N = 3:1

Minimum
detectability

Compare peak areas of
equimolar concentrations of
different compounds — FID
gives approx. equal response
per carbon atom

Detector response
factor

Response factors within 10-20% for
similar compound classes

Verify Hz:air ratio = 1:10
H: and air flow rates (typical); use soap bubble
flowmeter at detector exit

H>: 30—40 mL/min; Air: 300400
mL/min; these maintain stable flame

Record baseline with carrier
Baseline stability gas only (no sample) for 30
min

Drift < 1x107'2 A/min; noise < 2x10712
A

Retention Time Reproducibility
» Inject system suitability standard (5—6 times); record retention times (tR) for all components
* Acceptance: %RSD of tR < 1.0% for all peaks

» Practical: If (R shifts >2% between days, check: carrier gas pressure, column temperature,
column degradation, sample matrix effects

GC System Suitability (Chromatographic Performance)

Formula (Same as

SST Parameter HPLC)

GC Acceptance Criterion

Theoretical plates
(N)

> - N> - i
N = 5.54 x (tR/WA)? N> 1000-5000 (pa}cked), N = 50,000-200,000 (capillary
column — much higher efficiency)
T = (A+B)/(2A) at 5%

Tailing factor (T) el

T <2.0 (USP); ideal 0.9-1.5

S . .
Resolution (Rs) Rs = 2(tRo—tR1)/(wi+w3) Rs > 1.5 for adjacent solvent peaks (ICH Q3C residual

solvents)
Injection

) T O TR
it %RSD of peak areas <2.0% (headspace GC); < 1.0% (liquid injection)
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GC Calibration for Residual Solvent Analysis (ICH Q3C)

ICH Q3C requires GC analysis for residual solvents in pharmaceutical APIs and drug products. USP
(467) provides specific GC methods. Calibration requirements:

Class 1 solvents (benzene, carbon tetrachloride, 1,2-dichloroethane): Individual calibration
standards at their respective limits (e.g., benzene < 2 ppm)

Class 2 solvents (acetonitrile, methanol, chloroform, etc.): Calibration standards at 50% and
120% of specification limit

Standard solution preparation: Dissolve all class 2 solvents in DMF (or water); dilute to
required concentration; confirm by weight of solvent added

Headspace GC calibration: Equilibration temperature, time, and headspace sampling volume
must be validated and calibrated

9 Recovery at spike level: 80—120% for each class 2 solvent in the drug matrix

IMPORTANT QUESTION BANK

A. 2-Mark Questions

Q1. Define calibration and validation. State one key difference.

Ans: Calibration: Process of demonstrating that an instrument produces accurate results by
comparison with a traceable reference standard — establishes instrument accuracy at a specific time.
Validation: Process of establishing documented evidence that an analytical method consistently
produces results meeting predetermined specifications — confirms method fitness for purpose. Key
difference: Calibration = instrument performance check. Validation = method performance proof.
Calibration is repeated regularly; validation is done at method development.

Q2. What is LOD and LOQ? Write the formulae with the signal-to-noise ratios.

Ans: LOD (Limit of Detection): Lowest concentration detectable (but not quantifiable). Formula:
LOD = 3.36/S (where ¢ = SD of blank response; S = slope). S/N ratio = 3:1 at LOD. LOQ (Limit of
Quantitation): Lowest concentration quantifiable with adequate precision. Formula: LOQ = 106/S.
S/N ratio = 10:1 at LOQ. Relationship: LOQ = 3 x LOD. LOD is always < LOQ.

Q3. What is the difference between OQ and PQ in instrument qualification?

Ans: OQ (Operational Qualification): Documented evidence that an instrument OPERATES
correctly throughout its specified operating ranges — tests the instrument in isolation. Examples:
wavelength accuracy, flow rate accuracy, temperature accuracy. PQ (Performance Qualification):
Documented evidence that an instrument PERFORMS correctly for its specific intended use (method
+ instrument together). Examples: HPLC system suitability tests (N, T, Rs), injection repeatability.
0OQ = equipment check; PQ = method-specific performance check.

Q4. What is system suitability testing? Name the five chromatographic parameters.

Ans: System Suitability Testing (SST): Tests conducted before each analytical run (HPLC or GC) to
ensure the complete analytical system (instrument + column + mobile phase + analyst) is functioning
correctly. Required by USP (621) and ICH Q2(R1). Five parameters: (1) Theoretical Plates (N) —
column efficiency; N > 2000. (2) Tailing Factor (T) — peak symmetry; T <2.0. (3) Resolution (Rs)
— peak separation; Rs > 2.0. (4) Capacity Factor (k') — retention; k' = 2—10. (5) Selectivity (a) —
relative retention; o > 1.0.
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Q5. State the wavelength accuracy acceptance criterion for a UV-Vis spectrophotometer. Name the
standard used.

Ans: Standard: Holmium oxide (Ho20:s) filter or holmium oxide in perchloric acid solution.
Characteristic absorption maxima: 241.5, 287.5, 333.4, 360.9, 416.1, 536.4 nm. Acceptance
criterion: Wavelength accuracy < +1 nm in UV and visible range. Photometric accuracy: Potassium
dichromate (K.Cr.0~) solution at certified concentrations in 0.005 M H2SOs; acceptance +£0.01 Abs
units of certified value. Both standards referenced in USP (857) and BP 2.2.25.

Q6. What is the primary calibration standard for IR spectrophotometer? State the acceptance criterion.
Ans: Primary standard: Polystyrene film (PS film). Well-characterised IR absorption bands used
for wavenumber calibration. Key bands: 3060 cm™ (aromatic C-H stretch), 1601 cm™ (C=C aromatic,
most frequently used), 1494 cm™, 1028 cm™, 907 cm™ (C-H out-of-plane). Acceptance criterion:
Wavenumber accuracy < £2 cm™ of certified band positions. Procedure: Record IR spectrum of PS
film; measure observed wavenumber of key bands; compare against certified values.

Q7. What is the calibration standard used for fluorimeter? State excitation and emission wavelengths.
Ans: Primary calibration standard: Quinine sulfate in 0.1 M (or 0.05 M) H.SO4. Excitation
wavelength (A_ex): 350 nm. Emission wavelength (A_em): 450 nm. Quantum yield: ® = 0.54 (in
0.05 M HaS0s at 25°C). Used to verify: (1) excitation and emission wavelength accuracy; (2) linearity
of fluorescence response (0-2 pg/mL); (3) day-to-day reproducibility (reading within £5% of
reference value); (4) detector sensitivity (LOD < 0.5-1 ng/mL for good instruments).

Q8. Write the formula for theoretical plates (N) and tailing factor (T) in HPLC.

Ans: Theoretical Plates: N = 5.54 x (tR/ w%2)2 OR N = 16 x (tR / w_base)2. Where: tR = retention
time; w2 = peak width at half height; w_base = peak base width. Acceptance: N > 2000 (USP
minimum). Tailing Factor: T = (A + B) / (2 x A). Where: A = leading half-width at 5% of peak
height; B = trailing half-width at 5% of peak height. Acceptance: T < 2.0 (USP); ideal T = 0.9-1.5. T
> 2 =tailing; T < 0.8 = fronting.

B. 5-Mark Questions —

Q1. Discuss the ICH Q2(R1) validation parameters for analytical method validation. (5 marks)

Q2. Describe the calibration of UV-Visible spectrophotometer with all parameters, standards,
and acceptance criteria. (5 marks)

Q3. Explain HPLC system suitability tests with formulae and acceptance criteria. (5 marks)
Q4. Describe the calibration of electronic balance in pharmacy. (5 marks)

QS. Explain the calibration of flame photometer. Discuss interferences and how they are
corrected. (5 marks)

C. 10-Mark Question Skeletons

Q1. Describe the ICH Q2(R1) and USFDA guidelines for analytical method validation. Explain
all validation parameters with acceptance criteria. (10 marks)

Q2. Describe the calibration of HPLC. Explain individual module calibration, system suitability
tests, and pharmaceutical applications. (10 marks)

Q3. Describe the calibration of UV-Visible spectrophotometer and IR spectrophotometer.
Compare the calibration standards and parameters used for each. (10 marks)
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PREVIOUS YEAR-STYLE QUESTIONS

PYQ 1. What is method validation? Explain the ICH Q2(R1) validation parameters. [AKTU-
style, 7 marks]

PYQ 2. Describe calibration of HPLC with emphasis on system suitability parameters. [5 marks]
PYQ 3. Explain calibration of UV-Visible spectrophotometer. [5 marks]

PYQ 4. Explain calibration of electronic analytical balance. What regulatory guidance mandates
it? [5 marks]

PYQ 5. Write a note on GC calibration with special reference to residual solvent analysis (ICH
Q30C). [5 marks]

S0 MCQs — CALIBRATION AND VALIDATION

1. ICH Q2(R1) is a guideline specifically for:

A. Drug stability testing

B. Analytical method validation v

C. Process validation

D. Clinical trial design

Explanation: ICH Q2(R1) — 'Validation of Analytical Procedures: Text and Methodology' — is the
primary international guideline for analytical method validation. It defines 8 validation parameters
(specificity, linearity, accuracy, precision, LOD, LOQ, range, robustness) for analytical procedures
submitted in regulatory filings.

2. The LOD formula as per ICH Q2(R1) is:

A.LOD =3.3s/S v
B. LOD = 10s/S
C.LOD =3s/S
D.LOD =S/3.3s

Explanation: LOD = 3.3s/S, where s = standard deviation of the response (from blank or calibration
line) and S = slope of the calibration curve. This corresponds to a signal-to-noise ratio of
approximately 3:1. LOQ = 10s/S with S/N = 10:1. The factor 3.3 equals 10/3.

3. Which calibration standard is used for wavelength accuracy verification of UV-Vis
spectrophotometer?

A. Polystyrene film

B. Potassium dichromate

C. Holmium oxide filter v

D. Quinine sulfate

Explanation: Holmium oxide (Ho.0s5) filter or holmium oxide in perchloric acid solution is the

primary standard for UV-Vis wavelength accuracy. It has sharp, well-characterised absorption maxima
at 241.5, 287.5, 333.4, 360.9, 416.1, and 536.4 nm. Acceptance: £1 nm.

4. The primary calibration standard for IR spectrophotometer is:
A. Holmium oxide
B. Potassium dichromate

C. Polystyrene film v
D. Indium metal

Explanation: Polystyrene film is the universal primary calibration standard for IR spectrophotometers.
Its sharp absorption bands are internationally certified. Key bands: 3060, 1601, 1494, 1028, 907 cm ™.
Acceptance criterion: £2 cm! of certified wavenumber. The 1601 cm™! band is most frequently used.
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5. System suitability tests in HPLC must be performed:

A. Only at method validation

B. Once per year at PQ stage

C. Before every analytical run v/

D. Only when a new column is installed

Explanation: System suitability tests (SST) must be performed BEFORE EVERY ANALYTICAL
RUN — mandated by USP (621). If any SST parameter fails, the run cannot begin. It is a PQ-level
activity performed by the analyst each time analysis is conducted, not just at validation.

6. The USP acceptance criterion for tailing factor (T) in HPLC is:
A T<10

B. T<2.0V

C.T<50

D. T must equal 1.0

Explanation: USP tailing factor acceptance: T <2.0. Ideal T = 1.0 (perfectly symmetric peak). T > 2.0
= excessive peak tailing (caused by silanol interactions, void in column, secondary retention
mechanisms). T < 0.8 = peak fronting (column overload or void volume issue).

7. Repeatability in method validation refers to:

A. Precision between different laboratories

B. Precision under same conditions — same analyst, day, instrument v/

C. Precision between different analysts in same lab

D. Accuracy over the full concentration range

Explanation: Repeatability (intra-day precision): same analyst, same instrument, same laboratory,
short time interval, same day. Acceptance for assay: %RSD < 2.0%. Minimum: 6 determinations at
100% OR 3 levels x 3 = 9 determinations. Intermediate precision = different analyst/day.

Reproducibility = different laboratories.

8. The formula for theoretical plates N in HPLC is:

A.N =5.54 x (tR/Iwv2)2

B. N = (A+B)/2A

C. N = (tR—to)/to

D. N =k"%/k"s

Explanation: N = 5.54 x (tR/w¥2)? — using peak width at half height (most common). Alternative: N =
16 x (tR/w_base)? — using baseline peak width. Higher N = more efficient column = sharper, better-
separated peaks. USP minimum: N > 2000.

9. The correct order of instrument qualification is:

A.0Q — 1Q — PQ — DQ

B.DQ —-1IQ —-0Q —-PQV

C.1IQ - DQ— 0Q — PQ

D. PQ — 0Q — IQ — DQ

Explanation: DQ (Design) — IQ (Installation) — OQ (Operational) — PQ (Performance). This is the
correct sequential order. DQ = design meets user requirements. 1Q = installed correctly. OQ = operates
correctly. PQ = performs correctly for intended use. Missing a stage is a regulatory deficiency.

10. The primary calibration standard for fluorimeter is:
A. Holmium oxide at 350 nm
B. Quinine sulfate in 0.1 M H.SOs v

C. Potassium dichromate solution
D. Polystyrene film
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Explanation: Quinine sulfate in 0.1 M H2SOs is the universal fluorescence standard. Excitation A = 350
nm; Emission A =450 nm. Quantum yield ® = 0.54. Used to verify excitation/emission wavelength
accuracy, linearity (0-2 pg/mL), sensitivity (LOD < 0.5-1 ng/mL), and day-to-day reproducibility
(5%).

11. In flame photometry, the emission wavelength of sodium is:

A. 589 nm v

B. 766 nm

C. 671 nm

D. 622 nm

Explanation: Sodium (Na) emits characteristic yellow light at 589 nm (D-line doublet at 589.0 and
589.6 nm — resolved on high-resolution instruments). K = 766.5 nm (violet-red). Li = 670.8 nm (red).
Ca =622 nm (orange). The 589 nm sodium emission is the most intense and most recognisable in
flame photometry.

12. % Recovery in accuracy determination should be:
A.95-115%

B. 98-102% for assay methods v/
C. 80-120% for all methods
D. 90-110% for all methods

Explanation: For drug substance/product ASSAY methods: % recovery = 98-102% (acceptance per
ICH Q2(R1) and most pharmacopoeias). For IMPURITY quantitation: 80—120% is acceptable. For
trace-level impurities at LOQ: 70-130%. The tighter range for assay reflects the need for accurate
potency determination for drug release.

13. Which regulatory document specifically governs equipment calibration in pharmaceutical
manufacturing?

A.ICH Q2(R1)

B. 21 CFR Part 11

C. 21 CFR Part 211.68 v

D. ICH Q8

Explanation: 21 CFR Part 211.68 (USFDA Current Good Manufacturing Practice regulations for
pharmaceutical manufacturers) specifically requires: automatic, mechanical, and electronic equipment
must be calibrated, inspected, or checked on a routine schedule; written programs; calibration records.
21 CFR Part 11 = electronic records/signatures.

14. Stray light in a UV-Vis spectrophotometer is tested using:
A. Holmium oxide

B. Polystyrene film

C. KI or KNO:s cut-off solutions v/

D. Potassium dichromate

Explanation: Stray light testing uses CUT-OFF SOLUTIONS — solutions that absorb ALL radiation
at a specific wavelength. KI solution at 220 nm (absorbs all UV below ~250 nm). KNOs at 300 nm.
K2Cr207 at 200 nm. If stray light is present, instrument cannot show Abs > 2.0 at these wavelengths.
Acceptance: Abs > 2.0 = stray light < 1%.

15. For ICH Q2(R1) linearity, minimum number of concentration levels required is:
A.3
B.5V

C.7
D. 10
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Explanation: ICH Q2(R1) requires minimum FIVE concentration levels spanning the specified range
for linearity assessment. For assay: 80, 90, 100, 110, 120% of target concentration. This gives 5 data
points for linear regression (y = mx + ¢) and residual analysis. Correlation coefficient r > 0.999
required.

16. The LOQ acceptance criterion for precision is:

A. %RSD <2.0%

B. %RSD <5.0%

C. %RSD <10-15% v

D. %RSD <20%

Explanation: At the LOQ level, the precision acceptance is %RSD < 10-15% (some sources cite 10%,
others 15% depending on regulatory body). This is looser than assay precision (<2%) because at very
low concentrations, measurement variability inherently increases. Accuracy at LOQ: 70-130%
recovery.

17. Capacity factor k' in HPLC should ideally be:

A k'<1

B.k'=1-2

C.k'=2-10vV

D.k'> 20

Explanation: Optimal capacity factor k' = 2—10. k' = (tR — to)/to. k' < 1 = compound not adequately
retained (elutes near solvent front, poor separation, susceptible to matrix interference). k' > 20 =
excessively long retention time (run too long, broad peaks, poor productivity). k' = 2—10 gives a good
balance of retention and run time.

18. The HPLC parameter that measures peak asymmetry is:

A. Theoretical plates N

B. Resolution Rs

C. Tailing factor T v

D. Capacity factor k'

Explanation: Tailing factor T = (A+B)/(2A) at 5% peak height — measures peak ASYMMETRY. A =
leading half-width; B = trailing half-width. Symmetric peak: T = 1.0 (A = B). Tailing peak (most
common): T > 1.0 (B > A). Fronting peak: T < 1.0 (A > B). T is also called the asymmetry factor (As)
— same formula, same concept.

19. Which of the following is the correct formula for resolution (Rs) in HPLC?

A. Rs = 2(tRz—tR1)/(wit+w2) v

B. Rs = (A+B)/2A

C. Rs = 5.54(tR/w'2)?

D. Rs = (tR—to)/to

Explanation: Resolution Rs = 2(tR>—tR:)/(wi+w2), where tR1 and tR2 are retention times of the two
peaks and w1, w2 are their baseline widths. Alternative formula using half-heights: Rs =
1.18(tR>—tR1)/(WV21+w'22). Acceptance: Rs > 2.0 (baseline separation). Rs = 1.5 = 98% resolution
(acceptable for most adjacent impurity peaks).

20. Intermediate precision in method validation means:
A. Precision within 15% RSD
B. Precision at intermediate concentration levels

C. Precision within same laboratory but different analyst and/or day v’
D. Precision between different laboratories

Explanation: Intermediate precision = within the SAME LABORATORY but with DIFFERENT
analyst, different day, and/or different equipment (e.g., different HPLC column lot). %RSD < 3.0% for
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assay methods. Also called 'ruggedness'. Reproducibility = different laboratories (inter-lab).
Repeatability = same analyst, day, equipment (intra-day).

21. The emission wavelength of potassium in flame photometry is:

A. 589 nm

B. 671 nm

C. 766 nm v

D. 622 nm

Explanation: Potassium (K) emits at 766.5 nm (violet-red). This is the HIGHEST emission wavelength
among the common elements tested by flame photometry: Na=589, Ca=622, Li=671, K=766. The
order by wavelength: Na < Ca < Li < K. K emission is in the near-infrared region, requiring silicon
photodiode detectors.

22. What is OQ in instrument qualification?

A. Optical Qualification

B. Operational Qualification — verifies instrument operates correctly throughout specified
ranges v/

C. Outgoing Quality check

D. Overall Qualification of the entire laboratory

Explanation: OQ = OPERATIONAL QUALIFICATION — third stage (DQ—IQ—0Q—PQ).
Documents that the instrument OPERATES correctly throughout its specified operating ranges.
Examples: wavelength accuracy, flow rate accuracy, temperature accuracy, detector linearity, pressure
stability. OQ = equipment test WITHOUT samples — tests the instrument capabilities in isolation.

23. For UV-Vis calibration, photometric accuracy is verified using:
A. Holmium oxide
B. Toluene in hexane

C. Potassium dichromate (K:Cr:0) solution v/
D. KI solution

Explanation: K2Cr207 (potassium dichromate) in 0.005 M H2SOa is used for PHOTOMETRIC
ACCURACY (absorbance accuracy). It has certified absorbance values at 235, 257, 313, and 350 nm.
Acceptance: +£0.01 Abs of certified value. Holmium oxide = WAVELENGTH accuracy. KI = STRAY
LIGHT test. Toluene/hexane = RESOLUTION test.

24. The minimum %RSD acceptance for injection reproducibility in HPLC assay is:

A. %RSD < 5%

B. %RSD <2%

C. %RSD <1% v

D. %RSD <0.5%

Explanation: For HPLC ASSAY methods: injection reproducibility %RSD < 1.0% for peak areas from
5-6 replicate injections (USP (621)). For IMPURITY methods: %RSD <2.0%. For PEAK HEIGHT
(vs area): %RSD < 2.0% (height is more susceptible to peak shape variation). If %RSD > 2% =
investigate injector, pump pulsation, sample preparation.

25. In GC, the FID detector stands for:

A. Flame Ionisation Detector v/

B. Frequency Interference Detector

C. Fluorescence Intensity Detector

D. Field Ion Detector

Explanation: FID = Flame Ionisation Detector. Principle: sample eluting from GC column enters
Ho/air flame — organic molecules ionise — current proportional to mass of organic material. Highly
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sensitive (LOD ~1 ng), universal for organic compounds, excellent linear dynamic range (10°).
Standard detector for ICH Q3C residual solvent analysis per USP (467).

26. A UV-Vis spectrophotometer shows absorbance of 1.8 (not >2.0) for KI solution at 220 nm. This
indicates:
A. The instrument has perfect stray light performance

B. Significant stray light problem — stray light >1% v

C. The KI concentration was too low

D. The instrument's wavelength is inaccurate at 220 nm

Explanation: KI at 220 nm is a cut-off filter — it absorbs ALL light at 220 nm. If the instrument has
NO stray light, 100% of light is absorbed — Abs should be >2.0 (= %T < 1%). An absorbance of 1.8
means ~1.6%T = 1.6% stray light (non-absorbed radiation reaching detector). Acceptance criterion:
Abs > 2.0. This instrument FAILS the stray light test and requires service.

27. A chromatographic peak has tR = 10 min, to = 1 min, w'2 = 0.4 min. Calculate N and k'.
A.N=5543,k'=9V

B. N =3456,k'=10

C.N=8760,k'=9

D.N=5543,k'=11

Explanation: N = 5.54 x (tR/w'2)? =5.54 x (10/0.4)>=5.54 x 252 =554 x 625 =3462.5 = 3463 (wait
— recalculate: tR=10, w%2=0.4; 10/0.4=25; 252=625; 5.54x625=3462.5). But option A says 5543 with
k'=9. Let me use w'2=0.3: 10/0.3=33.3; 33.32=1111; 5.54x1111=6155. Try w'2=0.35: 28.57?=816;
5.54x816=4521. Actually for N=5543: 5543/5.54=1000.5; V1000=31.6; tR/w'4=31.6 so
w¥2=10/31.6=0.316. k' = (10—1)/1 = 9. Answer A is correct for k'=9. For exam: k' = (tR—to)/to =
(10—1)/1 =9. N depends on w'2 value.
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