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1.0 INTRODUCTION

Analytical chemistry is a branch of chemistry whisbeks ever improved means of
measuring the chemical composition of natural amificéal materials. The techniques
of this science are used to identify the substamddgsh may be present in a material
(qualitative analysis) and to determine the exawbunts of the identified substance
(quantitative analysis).

Modern analytical chemistry is overwhelmingly a gtitative science. It may be useful
for an analyst to proclaim to have detected sommerbm a distilled water sample, but it
is much more useful to be able to say how much rb@agpresent. The errors which
occur in qualitative studies in any analytical leddory are of utmost importance.

2.0 OBJECTIVES
By the end of this unit, students should be abjle to

* Define the term error
» State various types of errors
e Handle systematic errors



e Plan and design experiments
3.0 MAIN CONTENT

3.1  Déefinitionsof Errors

Error is defined as a difference between a compwstimated, or measured value and
the accepted true, specified, or theoreticallyadrralue. Quantitative results are not of
any value unless they are accompanied by someatstioh the errors inherent in them.
This principle is applicable to any field of stukdiywhich numerical experimental results
are obtained.

It is common to perform replicate determinationshiea course of a single experiment in
order to reveal the presence of random errors. iffgtance, an analyst performs a
titrimetric experiment three times and obtains ealwf 31.29, 31.16 and 33.29ml.It
should be noted that due to variations inheretnhénmeasurements all the three values
are different. It is obvious that the third titeesubstantially different from the other two.
The mean of the two titres is reported as 31.23mlanthe third value is rejected.

A second frequent problem involves the compariebriwo or more sets of result.
Suppose that the vanadium content of steel sample weasured by two different
methods. The first method has an average valueQdi%d with an estimated error of
0.07%, and the average value for the second methdd95% with an error of
0.04%.Several questions arise from these results tlle errors in the two methods
significant difference? Are the two average valagmificantly difference? Which of
the mean values is closer to the truth? Unit twahi§ Module discusses these and
related questions.

3.2 TypesOf Errors
Three types of errors have been identified. Thesekaown as gross, random, and
systematic errors.

321 GrossErrors

Gross errors are defined as errors that are sousetihat there is no real alternative to
abandoning the experiment and making a fresh Sarhplete instrumental breakdown
and accidentally dropping of a crucible during tieeirse of experiment exemplify gross
errors. These errors occur only occasionally emeghe best regulated laboratories.

3.22 Random Errors

These are indeterminate errors and cannot be eddiécause of the uncertainty in
every experiment. These types of errors are aldedcaccidental errors and are due to
inherently unpredictable fluctuations in the reggimf measurement of apparatus or in
the experimenter’s interpretation of instrumenéading.

Random errors affects precision and cause repliestelts to fall on either side of a

mean value. These errors can be estimated usingatep measurements and are
minimized by good technique such as averaging oftiphet measurements but not

eliminated. Random errors are caused by both huerah&quipment.

Examples

(@) The type of variation associated with same yambaleading the same absorbance
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scale many times.
(b) Variation associated with three or four differ@analyst reading the same measuring
scale or reading the lower measurement of a voluecrfédsk.

3.2.3 Systematicerrors

Systematic errors are also known as determinateserThese errors are non random
and occur when something is wrong with the measenémin the same given

experiment there may be several sources of systemoc, some are positive and others
negative. The total systemic error is known ashizs of the experiment, an overall
deviation of result from the true value even whemdom errors are too small.

Systematic errors cause all results to be eitherhigh or too low and cannot be

detected simply by using replicate measurements;drube corrected by using standard
methods and materials. These errors are causeduimarts and equipment. Some
commonly encountered determinate errors duringcthese of laboratory experiments
are:

3.24 Instrumental Errors
These are errors traced to the use of faulty egeipsn as well as uncalibrated or poorly
calibrated weights and glass wares during the eonfréaboratory experiments.

3.25 OperativeErrors

Basically these are personal (operator) errorgbated to either inexperience on the use
of equipment or lack of care by the analyst in pysical manipulation involved. It
may be mathematical error in the calculation ofygliee in estimating measurement.
Examples of operative errors are incomplete drgihgamples, and transfer of solutions.

3.2.6 MethodicErrors

It is a very serious problem for an analyst beeah®se errors are inherent in the
method or procedure. These include errors suchoagrexipitation with impurities,
incomplete reaction, impurities in the reagentsdus#c. The methodical error is also
correctable by running a reagent blank and staraf@dadion.

Radom errors and systematic errors can occur imdkgpely of one another and may
arise at different stages of the experiment.

Accuracy is the degree of agreement between a mesghgalue and a true value.
Precision is the degree of agreement between adplimeasurements of the same
guantity and does not necessarily imply accuracgciBion describes random error and
bias describes systematic error while both preciaind accuracy affect accuracy.

3.3 Tackling Systematic Errors
Several procedures are available in handling systienerrors and are evaluated by a
wide range of statistical methods.

3.3.1 Foresight
The first precautions is taken at the inceptioamy laboratory experiment is to identify
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the most likely sources of systematic errors. At thtage issues like instrumental
functions that need calibrating, the steps of thalydical procedure where errors are
inherent, and the checks that can be made duragrhlysis, such as contamination of
reagents, must be identified.

3.3.2 Experimental Design

A thoughtful experimental planning is essentiallanating and minimizing the major
sources of systematic errors. Weighing by diffeeeoan remove some systematic error
since they occurred to the same extent in both hiegg and subtraction process
eliminates them.

Another instance is in the concentration measuréraeisample of a single material
using spectrometer. Two procedures are availabte tlics analysis; in the first
procedure, a sample is placed in 1-cm path-lenggictsometer cell at a wavelength of
400nm.Several systematic errors can occur; the \eagth might be 405nm instead of
400nm, thus rendering the reference valuet forappropriate, the path length of the cell
may not be exactly 1cm, or the molar extinctionfioent might not be correct.
Alternatively, calibration graph approach mightdsopted in which case the valuetof

Is not required. The errors due to wavelength shd&bsorbance errors and path length
inaccuracies are expected to cancel out, becaeseoitcur equally in the calibration
and test experiment under the same conditions. Majarces of systematic errors are
eliminated by this method.

3.3.3 Standard Reference Material

The third line of action against systematic errigrsn the use of standard reference
materials and method. Each piece of apparatudilsaigd by an appropriate procedure
before the experiment is started. Volumetric eq@ptrcan be calibrated by the use of
gravimetric methods. Spectrometer wavelength scelesalibrated with the aid of
standard light sources which has narrow emissiogsliat well-established wavelength.
Similarly spectrometer absorbance scales can liwrai@d with standard solid or liquid
filters.

3.3.4 Comparison with Other M ethods

The occurrence of systematic errors in any givethoteis checked by comparing the

results with those obtained from different methdéishey two unrelated methods used

to perform one analysis consistently yield ressittswing only random differences, then

it can be inferred that no significant systematioes are present provided each step of
the two methods are independent of one anothecamgarisons made over the whole

concentration range for which the procedure isea$ed.

4.0 CONCLUSION
Random errors and systematic errors occur indepiydsf one another and may arise
at different stage of the experiment.

50 SUMMARY
In summary, we have learnt the following in thistun

i.  The techniques of analytical chemistry are usedeatify substances present in
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a material and to determine the exact amountseoidintified substance.
Errors are variations that naturally accompaniedetkperiment performed.

Three types of errors were identified namely; grossdom, and systematic
errors.

Random errors affects precision and cause replrestdts to fall on either side
of a mean values.

Systematic errors cannot be detected simply bygustplicate measurements,
but can be corrected by the use of standard methadisnaterials.

6.0 Tutor Marked Assignment

1
2

3
4

Briefly explain why modern analytical chemistryaigjuantitative science
Explain the following terms;

(i) Accuracy (ii) Precision (iii) Methoderror (iv) Instrumental error
Distinguish between random and systematar®

Explain various precautions taken in hengdéystematic errors

7.0 Referencesand further reading
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10 INTRODUCTION

You will recall that in unit 1, it was learnt thatrors are variations that normally accompanied
experiments performed and affect precision as agllaccuracy result. In this unit you will
study statistical treatment of data.

Statistical treatment of data is essential in otdenake use of the data in the right form. Raw
data collected is only one aspect of any experimEme organization of data is however very
important so that conclusions can be drawn. Thighst statistical treatment of data is all
about. An important aspect of statistical treatmehtdata is the handling of errors. All
experiments invariably produce errors and noiséh Bgstematic and random errors need to be
taken into consideration.

2.0 OBJECTIVES
By the end of this unit, students should be atyle t

* Meaning and standard deviation

» Appreciate the concept of confidence limit

» List appropriate statistical tools available fotadhandling

* Interprete data and arrive at safe conclusion ugamgus statistical tools

3.0 MAIN CONTENT
31 Standard Deviation
The necessity in making repeated measurementsveradeanalytical experiments in order to
reveal the presence of random errors was emphaiisedit 1.Some fundamental statistical
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concepts in analyzing experimental results shadgydied in units(2 and 3).
Suppose an experimentalist performed five replgaiteation experiments and the following
results were obtained.

Tablel.1 Titration results

Burette reading(cf) First titre | Second titrg Third titre | Fourth titre| Fifth titre
Final reading(cr) 10.08 10.31 15.19 10.12 20.10

Initial reading(crf) 0.00 0.20 5.10 0.00 10.00
Volume of acid used(ci | 10.08 10.11 10.09 10.12 10.10

Two criteria can be used to compare these reddtsaverage values and the degree of
spread.The average value used is otherwise c&ledrithmetic mean, which is the sum of all
the measurements divided by the number of measmteme

2% (1.1)
n

Mathematically the mear,of n measurement is given byx =

The spread is also known as the range which idiffeence beteeen the highest and the lowest
value.A more useful measure of spread which uslalévalues, is the standard deviation.
The standard deviation,s,of n measurements is diyen

s= \/Zi (x, - xJ /(n-1) (1.2)

Example 1.1
Find the mean and standard deviation of the akbitre¢idn experiments.
Solution
%1 X1— X (x1 - x)2
10.08 -0.02 0.0004
10.11 0.01 0.0001
10.09 -0.01 0.0001
10.12 0.02 0.0004
10.10 0.00 0.0000
Totals 50.50 0.00 0.0010
__ 2% 5050
X== =
n 5
X =10.1cmi

s= \/zi (x, - xJ 1(n-1)

0.001
5=, |——
4

s=0.0158cm



Example 1.2

Calculate the mean and the standard deviation @& thllowing set of analytical
results,15.67,15.69,and 16.03g.

Solution

Alternatively,equation 1.3 can also be used inisglproblems of these nature.

Xk 4
> N-1

(1.3)
Xl Xl2
15.67 245.55
15.69 246.18
16.03 256.96
> 4739 > 74869

o \74869-(4739) /3
- 3-1

$=0.210g
The answer to the above example have been arhjitgaren to three significant figures.
3.2 Variance
Variance is a very useful statistics quantity whikkhe square of the standard deviation,s
Variance = the square of the standard deviation.
3.2.1 Coefficient of Variation (CV)
Coefficient of variance is also known as the rglgtandard variation(RSD) which is given by

100s/X and is a widely used measure of spread.
3.3 Confidence Limit of the Mean
For a sample of n measurements,the standard dmogan

)
(s.e.m) ﬁ (1.4)

The confidence interval for the mean is the ranigeatues within which the population mean,
U,is expected to lie with a certain probability. Tfmuindaries are called confidence limit
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Figure 1.1  The sampling distribution of the me

Dark blue is less than one standard deviation ftbenmean.For the normal distributon,t
accounts for about 68% of the set,while two stashdbaviations from the mean(medium ¢
dark blue) accourfor about 95%, and three standard deviations (lngbtium,and dark blue
account for about 99.79 we assume that the distribution is normal,tre%af the sampl

means will lie in the range given p— 1-96(0/\/E)<;(<|_1+1.96(0'/\/ﬁ) (1.5)
The onfidence level is the probability that the trueamdie a certain intervals and is off
express in percentageThe confidence intreval ®mtkan of n measurements can be calcu
thus;

CI= X +tsVN (1.6)

Where X is the sample mean,s is the standard deviationtaadthe -statistic distributior
otherwise known as student’
For a single measurement with result x,t is give

t=X—— 1.7)
However, for N measurement, t is giver t= A, (1.8)
s/'VN
t depends on the desire confidence level,as wahate number of degree of freedom in
calculation of standard deviation.The value of fasnd by consulting the-test table at N-1

degree of freedom.The studd level is shown in Table ]

Table 1.2 Values of t for confidence intervi

Degrees of freedom|  Values of t for confidence interval
80% 90% | 95% | 99% | 99.9%

1 3.08 6.31 12.7 | 63.7| 637
2 1.89 2.92 430 | 9.92| 31.6
3 1.64 2.35 3.18 | 584 | 129
4 1.53 2.13 2.78 | 4.60| 8.60
5 1.48 2.02 257 | 4.03| 6.86
6 1.44 1.94 245 | 3.71| 5.96
7 1.42 1.90 2.36 | 3.50| 5.40
8 1.40 1.86 231 | 3.36| 5.04
9 1.38 1.83 226 | 3.25| 4.78
10 1.37 1.81 223 | 3.17| 4.59
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11 1.36 1.80 220 3.11 444
12 1.36 1.78 2.18| 3.06] 4.32
13 1.35 1.77 2.16| 3.01 4.22
14 1.34 1.76 2.14| 298 4.14
0 1.29 1.64 1.96| 258 3.29

For large sampless,the confidence limits of themaea given by,CF¥ X+ zs/n . ..1.9

Where the values of z depends on the degree ofdemde required.The values for z at various
confidence levels for small and large samples @fobnd in Table 1.3.

Table 1.3 Confidence levels for various valueg of

Confidence level,% y4

50 +0.67
68 +1.00
80 +1.29
90 +1.64
95 +1.96
96 +2.00
99 +2.58
99.7 +3.00
99.9 +3.29

Example 1.3

Achemist obtained the following results for theaddol content of a sample of human blood.
%C,Hs0OH:0.084, 0.089,and 0.079

Calculate the 95% confidence interval for the mean.

Solution

2 X7 (.084+0.089+0.079
=0.252

> xf = 0.07056+ 0.007921+ 0.006241
=0.021218

B \/0.02121& (02522 /3
= 3-1
$=0.0050%GHs0H

- _ 0252

X=—
Hence; 3

U N=3, degree of freedoffN-1=2
Values of N-1=2,at 95%CI from table is 4.30

— ts
Thus, 95% CF X £ —
0 m
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_ 0.084+ 430x0.0050

NE

CI1=0.084* 0.0126 c,H;0H

Cl

Example 1.4

The sodium ion content of a urine specimen was rogted by using an ion-selective
electrode.The following values were obtained:10289,08,101,106 Mm.

What are the 95% and 99% confidence limits forgb@ium ion concentration?

Solution

The mean and standard deviation of these values&&Mm and 3.27Mm respectively.

U N=6,degree of freedom, NL=5

From Table 1.1,the values of t for calculating 8% confidence limits is 2.57 and from
equation(1.6) the 95% confidence limits of the masngiven by;

CI=100.5¢ 2.57%3.274/6
CI=100.5+ 3.4mM
Similarly the 99% confidence limits are given by;

100.5+ 4.03x 327/+/6 =1005+ 54mM

3.4 Significance Tests

This technique tests whether the difference betweenresults is significant,or whether it can
be accounted for by virtue of random variation.$alviests which are very useful to analytical
chemist are considered below.

3.4.1 Comparison of an experimental mean with a known value

For every significance test employed, the truththef hypothesis which is known as the null
hypothesis,often denoted by,Hs tested.The term null is used to imply thatré¢hés no
difference between the observed and known valuesr adhan that which can be attributed to
random variation.Let us suppose that this null lhigpsis is true,which implies that statistical
theory can be used to evaluate the probability thatobserve difference between the sample

mean,X,and the true value,jt,aies mainly due to errors.

Null hypothesis is usaully rejected if the probaypibf such a difference occurring by chance is
less than 1 in 20 (i.e 0.05 or 5%).In other words difference is said to be significant at 5%
level.Higher levels of significance such as 1% 410 can be used so as to be more certain that
the correct decision was made.To test:tHe population mean is equal to u,the statisig t
calculated thus:

t=(x - ”)E (1.10)

Where X = sample mean,s = sample standard deviation andample size.If |t| calculated
exceeds a certain critical value then the null hiypsis is rejected.

Example 1.5

In a new method for the determining selenoureaatewthe following values were obtained for
tap water samples spiked with 50ngnof selenourea:50.4 , 50.7, 40.1, 49.1, 49.0, Sirdh

Is there any evidence of systematic error?

Solution
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z X=50.4+50.7+49.1+49.0+51.1

=250
- _ > % _ 2503
X_—_—
n 5
x=5006

> x? =12533.67

o 1253367 - (2503) /5
- 5-1

3.652
s=,[|——
4

s=0.956
Adopting the null hypothesis that there is no systtic error.Using equation(1.10) and p=50
. (5006-50)5

0.95€
t=014
From tablel.2,the critical value is=R.78(P=0.05).Since the observed value of |t|sis tkan the
critical values the null hypothesis is retainedghis no evidence of systmatic error.

3.4.2 Comparison of two experimental means

The result of a new analytical method may be tebtedomparing them with those obtained by
using a second method.If the null hypothesis is @ two methods give the same result,in this
case H:= H2. Then we can test whetheg(= X, )differs significantly from zero.A pooled
estimate,s, of a standard deviayion can be cakulilptovided the two samples have standard
deviations which are not significantly different.

In order to test the null hypothesis,Ho,=|; ,the statistical t is evaluated thus:

t= (Xl_)_(z)

T 1 (2.12)
S|[—+—
nl n2
Where s is calculated as from:
¢ = (=D +(n,-DS]
(nl +n, - 2)
(1.12)

t has i + ,—-2 degree of freedom.
The basic assumption of this method is that thepsssmare drawn from populations with equal
standard deviations.

Example 1.6

In a comparison of two methods for the determimabb chromium in rye grass,the following
results(mgkgdCr) were obtained:

Method1: mean=1.48; standard deviation 0.28
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Method 2: mean=2.33; standard deviation 0.31

Five determinations were made for each method.Rsethtwo methods give results having
means which differ significantly?

Solution

The results of the two given by the two methodsegpgal is the null hypothesis adopted.

From equation 1.12,

o2 = ([4x028°] +[4x 031°])
5+5-2
s* =0.0873

s=0.295
From equation 1.11

[ 233-148 _ .
0.205/1+1
55

Degree of freedom=5+5-2=8

From table(1.2) the critical valug t = 2.31(P=0.05).The experimental value of |t| isatge
than the critical value, hence the difference betwthe two results is significant at the 5% level
and the null hypothesis is rejected.

35 F-TEST
F- test is used to compare the standard deviatimmmder to detect random errors of two sets of
data.In order to test whether the difference betwtae variances is significant,that is to test

Ho: 012 = 022 .The statistic F is calculated thus:

F= (1.13)

The number of degrees of freedom of the numeratdrd@nominator are;+l and i-

1 respectively. The test assumes that the popoktimm which the samples are taken are
normal.The null hypothesis is true when the vamaratio is close to 1.If the calculated value of
F exceeds a critical value than the null hypothissigjected.The values of P=0.05 are given in
Table 1.4

Examplel.7

Aproposed method for the determination of the cltambxygen demand of waste water was
compared with the standard method.The followinglltesmgl* ) were obtained for a sewage
effluent sample;

Standard method: mean =72;standard deviation=3.31

Proposed method:mean=72;standard deviation=1.51

Eight determinations were made for eagh methotidsprecision of the proposed method
significantly greater than that of the standardhod®

Solution

_ 3377
1.57°
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This is an instance of a one-sided test, thectiticalue is F,,=3.787 (P=0.05).

Where the subscripts indicate the degree of freeddnthe numerator and denominator

respectively.The variance of the standard methogigsificantly greater than that of the

proposed method at the 5% probability level sifee ¢alculated value of F(4.8) exceeds the
tabulated value(3.787).

Table 1.4 One Tailed Critical Values of F at 5%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 20 30 40 50 75 100 250 500 =
161.4 1995 2157 2246 2302 2340 2368 23890 24035 2419 2430 24390 2447 2454 2459 2480 2501 2311 2518 2526 2330 2338 2341 2543
1831 19.00 19.16 1923 1930 1933 1033 1037 1038 1040 1940 1941 1942 1942 1043 1945 1046 1047 1048 1048 1049 1040 10,49 1030
10.13 9.552 0277 0117 9.013 8041 8287 2843 8812 8785 £763 2.745 8720 B715 8703 2.660 8617 23504 2381 8363 85334 8337 8332 8326
7.709 6.944 6.591 6388 6.236 6.163 6.094 6.041 5000 3064 3036 5912 5801 5873 5.838 5803 3.746 3717 5.600 3.676 3.664 3.643 5.635 5.628
6608 3.786 3409 3.192 3030 4950 4876 4818 4772 4733 4704 4678 4633 4636 4619 4338 4496 4464 4444 4418 4403 4381 4373 4363
5087 3.143 4757 4334 4387 4284 47307 4.147 4.000 4060 4027 4000 3976 3056 3038 3.874 3208 3774 3734 3726 3.712 3686 3678 3.660
5.501 4737 4347 4120 3072 3.866 3787 3.726 3.677 3637 3603 3573 3550 3520 3511 3.445 3376 3340 3310 3200 3273 3248 3230 3230

8 3318 4450 4066 3.838 3.688 3381 3.500 3438 3:388 3347 3313 32843259 3237 3218 3.150 3079 3043 3.020 2990 2975 2:047 2.937 2928

9 3117 4256 3.863 3633 3482 3374 3.293 3230 3.179 3137 3.102 3073 3048 3025 3.006 2936 2864 2826 2.803 2771 2736 2726 2717 2107
10 4063 4103 3.708 3478 3326 3217 3133 3.072 3.020 2978 2043 2013 2887 2863 2.843 2774 2700 2.661 2637 2,605 2388 2338 2348 2338
11 4844 3082 3387 3357 3204 3005 3012 2048 2806 2.854 2818 2788 2.761 2.730 2.710 2646 2.570 2.331 2307 2473 24357 2426 2415 2404
12 4747 3885 3400 3230 3.106 2996 2013 2849 2.796 2.733 2.717 2.687 2.660 2637 2617 25442466 2426 2.401 2367 2.350 2318 2307 2296
13 4667 3806 3411 3179 3025 2015 2.832 2767 2.714 2671 20635 2.604 2577 21534 2533 24350 2380 2339 2314 2. 261 222023218 2206
14 4600 3730 3344 3,112 2038 2848 2764 2600 2646 2.602 2565 2334 2507 2484 2463 2388 2308 2266 2241 2205 2.187 2,154 2142 2131
15 4543 3.682 3287 3.056 2901 2.790 2.707 2.641 2.588 2.344 2507 2473 2448 2424 2403 2328 2.247 2204 2:178 2.142 2.123 2.089 2.078 2.066
20 4351 3493 3008 2.866 2.711 2399 2514 2447 2393 2.348 2310 2278 2.250 2225 2203 2:124-2.039 1994 1966 1927 1907 1.860 1.856 1.843
30 4171 3316 2922 2600 2534 2421 2334 2266 2211 2165 2126 2002 2063 2037 20151032 1841 1.792 1761 1718 1.693 1632 1637 1622
40 4083 3232 2830 2,606 2440 2336 2240 2180 2,124 2.077 2038 2003 1974 1948 1024 1830 1.744 1693 1660 1.614 1380 1342 1526 1.300
50 4034 3.183 2.790 2.337 2400 2286 2.199 2130 2.073 2026 1986 1952 1921 1893 1871 1784 1687 1.634 1399 1351 1.323 1473 1437 1438
75 3968 3.119 2727 2494 2337 2222 2.134 2064 2.007 1959 1919 1.884 1853 1826 1.802 1.712 1611 1.353 1518 1466 1437 1381 1360 1338
100 3936 3087 2696 2463 2303 2101 2103 2032 1973 1927 1886 1830 1.810 1.792 1.768 1676 1.373 1313 1477 1422 1392 13311308 1383
250 3879 3.032 2641 2408 2750 2135 2046 1976 1.017 1.869 1827 1791 1.759 1732 1707 1613 1.505 1443 1402 1341 1506 1232 1202 1.166
500 3860 3.014 2623 2390 2232 2117 2028 1.957 1899 1850 1.808 1.772 1.740 1.712 1.686 1392 1482 1419 1376 1312 1273 1.194 1.139 1113
@ 3.841 2906 2605 2372 2214 2009 2010 1938 1.880 1.831 1.780 1.732 1.720 1.692 1666 1371 1439 1394 1350 1.283 1.243 1.152 1.106 1.000
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3.6 Outliers

A situation may arise in which one(or more) of theults appears to differ unreasonably from

the others in the set.Such ameasurement is knovam asitlier.the ISO recommended test for

outliers is Grubb’ test.

In order to use Grubb’s test for an outlier,thel tiypbothesis is tested:all measurements come
from the same population.

Then G is calculated thus;

G=(suspect value-x) /' s (1.14)
Where X and s are calculated with the suspected valuedediThe basic assumption of this
test is that the population is normal.

Example 1.8

The following values were obtained for nitrate cemtration(mgf) in a sample of river water;
0.403,0.410,0.401,0.380,0.400,0.413,0.408.

Should 0.380 be rejected?

The seven values have= 040215nds=0.01088
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_10.380-0.4021] _
0.0108¢

The critical value of G(P=0.05) for a sample ofesevs 2.020.The suspect meaasurement is
rejected at 5% significance level.

2.031

Table 1.5 Critical values of G(P=0.05) for a twdesi test
Sample size Critical value
1.155
1.481
1.715
1.887
2.020
2.126
2.215
0 2.290

POoO~NO O W

Another test for outlier is the Dixon’s test. Thésalso known as the Q-test.

3.6.1 Q-test: Detection of a single outlier
(a) Theory

In a set of replicate measurements of a physical or chemical quantity, one or more of the
obtained values may differ considerably from the majority of the rest. In this case there is
always a strong motivation to eliminate those deviant values and not to include them in any
subsequent calculation (e.g. of the mean value and/or of the standard deviation). This is
permitted only if the suspect values can be "legitimately" characterized as outliers.

Usually, an outlier is defined as an observation that is generated from a different model or a
different distribution than was the main "body" of data. Although this definition implies that
an outlier may be found anywhere within the range of observations, it is natural to suspect
and examine as possible outliers only the extreme values.

The rejection of suspect observations must be based exclusively on an objective criterion and
not on subjective or intuitive grounds. This can be achieved by using statistically sound tests
for "the detection of outliers".

The Dixon's Q-test is the simpler test of this type and it is usually the only one described in
textbooks of Analytical Chemistry in the chapters of data treatment. This test allows us to
examine if one (and only one) observation from a small set of replicate observations (typically
3 to 10) can be "legitimately" rejected or not.

Q-test is based on the statistical distribution of "subrange ratios" of ordered data samples,
drawn from the same normal population. Hence, a normal (Gaussian) distribution of data is
assumed whenever this test is applied. In case of the detection and rejection of an outier, Q-
test cannot be reapplied on the set of the remaining observations.
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(b) How the Q-test is applied
The test is very simple and it is applied as follows:

(1) The N values comprising the set of observations under examination are arranged in
ascending order:

X1 <X2<...<XN

(2) The statistic experimental Q-value (Qexp) is calculated. This is a ratio defined as the
difference of the suspect value from its nearest one divided by the range of the values (Q:
rejection quotient). Thus, for testing x; or xy (as possible outliers) we use the following Qexp
values:
Q.. = Xy =%y Q.= Ky —Kpy

Ky ~ %y Ky — Xy (1.15)

(3) The obtained Qexp value is compared to a critical Q-value (Qqit) found in tables. This critical
value should correspond to the confidence level (CL) we have decided to run the test (usually:
CL=95%).

(4) If Qexp > Qurit, then the suspect value can be characterized as an outlier and it can be
rejected, if not, the suspect value must be retained and used in all subsequent calculations.
The null hypothesis associated to Q-test is as follows: "There is no a significant difference
between the suspect value and the rest of them, any differences must be exclusively
attributed to random errors".

A table containing the critical Q values for CL 90%, 95% and 99% and N=3-10 is given below
[from: D.B. Rorabacher, Anal. Chem. 63 (1991) 139]

Example 1.9

The following replicate observations were obtained during a measurement and they are
arranged in ascending order:

4.85, 6.18, 6.28, 6.49, 6.69.

These values can be represented by the following dotplot:
outlier ?

4
Can we reject observation 4.85 as an outlier at a 95% confidence level?

Answer: The corresponding Qe Value is: Qexp = (6.18 — 4.85) / (6.69 — 4.85) = 0.722. Qeyp iS
greater than Qg value (=0.710, at CL:95% for N=5). Therefore we can reject 4.85 and being
certain that the probability (p) of erroneous rejection of the null hypothesis (type 1 error) is
less than 0.05.

Note: At confidence level 99%, the suspect observationngt be rejected, hence the
probability of erroneous rejection is greater tBail.

lew oo |
. .
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(c) A general comment on the rejection of outliers

All data rejection tests must be judiciously used. Some statisticians object to the rejection of
data from any small size data sample, unless it is solidly known that something went wrong
during the corresponding measurement. Other recommend the accommodation of outliers
and not their rejection, i.e. they suggest to include deviant values in all subsequent
calculations but with reduced statistical weight (Winsorized methods).

It should be also stressed that the use of Q-test is increasingly discouraged in favor of other
more robust methods. One such method is the Huber methogdwhich takes into consideration
all data present within the set, and not only three as in the case of Q-test.

The test is valid for samples size 3 to 7 and & ¢alculated value of Q exceeds the critical
value,the suspected value is rejected.The critiglie of Q for P=0.05 for a two sided test
are given in Table(1.6)

Table 1.6 Critical values of Q

N Qerit Qorit Qorit
(CL.90%. (CL.95% (CL.99%

3 0.941 0.970 0.994
4 0.765 0.829 0.926
5 0.642 0.710 0.821
6 0.560 0.625 0.740
7 0.507 0.568 0.680
8 0.468 0.526 0.634
9 0.437 0.493 0.598
10 0.412 0.466 0.568

Consider the data from the previous example(1.8plying Dixon’s test;

Q=(0.380-0.400) /(0.413-0.380)

Q=0.606

The critical value of Q(P=0.05) for a sample size @.570.The suspect value 0.380 is rejected.

3.7 Analysis of Variance

Analysis of variance,abbrevated to ANOVA,is verymgoful statistical technique that can be
used to separate and esimate the different causeariation.ANOVA can also be used in
situations where there is more than one sourcarafam variation.

Example 1.10
Table 1.7 shall be used to effectively study congoar of several means.It shows the result
obtained in an investigation into the stability affluorescent reagent stored under different
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condition.Anova tests whether the difference betwdee sample means is too great to be
explained by the random error.

Table 1.7

Condition Replicate measrements Mean

A Freshly prepared 102,100,101 101

B Stored for 1 hour in the dark 101,101,104 102

C Stored for 1 hour in subdued light 97,95,99 97

D Stored for 1 hour in bright light 90,92,94 92
Overall mean 98

Within-sample variation;the variance for each samgplestimated by using the formular

= xf
2. k=x]/(n-1) (see equation 1.2)
Variance of the respective samples are evaluatesd th

A= (102-1017 + (100-101)°* + (101-107)? -1

8-1)

g - (101-102° +(101-102° +(104-102° _ ,
B-1)

co 07-97°+ (953—917)2 +09-97° _,

Similarly it can be shown that D has a value of 4.
Averaging this values gives:

- : o _ (@+3+4+4) _
Within-sample estimate of, = a2

The degree of freedom is 8(since each sample dstives 2 degree of freedom) and mean
square is 3.The sum of squared terms is 3x8=24
Between-sample variation

a; =ny (% -x)*/(h-1.
(1.16)
If the null hypothesis is true, the variance of thean of the samples gives an estimatéf)fn
(101-98)* + (102-98)* — (97-98)* - (92-98)° _62
(4-1 3

3

Sample mean varianceé

62
The estimate oﬁf = (?j x3=62

From calculation above, the mean square is 62 agded of freedom is 3 therefore the sum of
square term is 3x62 =186

The statistic F : Between-sample mean square
Within-sample mean square

62
— =207
F 3
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The critical value is $5= 4.066(P=0.05),it can be seen that the calculeddae is greater than
the critical value,hence the null hypothesis igetgd.This implies that the sample mean differ
significantly.

It should be noted that a significant test at P50e@el involves a 5% risk that a null hypothesis
will be rejected even though it is true.This tygeeaor is known as Type | error.The risk of
such an error can be reduced by altering the sigmice level of the test to P=0.01 or
P=0.0001.

However,it is still possible to retain a null hypesis even when it is false.This is known as the
Type 1l error and the probability of this error che estimated by the use of alternative
postulate(alternative hypothesig)H

40 CONCLUSION

Treatment of errors constitute a very importantcem that helps in ascertaining the
integrity of the values reported in an experimeported.

50 SUMMARY

In this unit we have learnt that:

i.  Standard deviation is not only a useful measurespréad which utilizes all the
values but also evaluates the precision in anallytieasurement.
ii. Confidence limit assert with a given degree of werice that the confidence
intervals does include the true value.
iii.  Significance test is employed in order to decidestivar the differencebetween the
measured and standard amounts can be accounteg f@ndom error.

iv.  Student t-test, F-test and analysis of variancee\iteg analytical techniques used for
the test of significance.

v. The rejection of suspected observations(outlierjniugs based exclusively on an
objective criterion and not on subjective or intgtground.

6.0 TUTOR MARKED ASSIGNMENT

1 Define the following terms:
(1) Standard deviation  ( ii) Outker (i) Type l error  (iv) Confidendienit
2 Seven measurements of the pH of a buffetiea gave the following results:
5.12,5.20, 5.15, 5.17, 5.16, 53.95.
Calculate: (i) the 95% and (ii)the 99% confidenicgits for the true pH (Assume that
there are no systematic errors)
3 The following figures refer to theconcentratiof albumin, in the blood sera of 16
healthy adultss;
37,39, 37,42, 39, 45, 42, 39, 44, 40439 47, 47, 43, 41.
The first eight figures are for men ane #econd eight for women.Test whether the
mean concentrations for men and women differ Sicgumitly.
4 The following five values were obtained for th€o of an organic acid in a sample:
31.2, 32.6, 36.7,28.9,30.3.
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7.0

Determine if the value 36.7 should bectgd at 95% confidence level.
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1.0 INTRODUCTION

The Pearson Produbtoment Correlation Coefficie (r), or correlation coefficient for shais
a measure of the degree of linear relationship batwe® variable, usually labeled X and Y
While in regression the emphasis is on predicting wariable from the other, in correlation
emphasis is on eéhdegree to which a linear model may describe ¢tationship between tw
variables. In regression the interest is directiooae variable is predicted and the other is
predictor; in correlation the interest is I-directional, the relationship iké critical aspec

2.0 OBJECTIVES

At the end of these unit,students should be ab

« Define Pearson correlation coeffici between two variables.
« Understand and interpret correlation coeffici

« Appreciate the concept of regression analysis ia tieatment.

3.0MAIN CONTENT

3.1 Product-Moment Corelation
A common method of estimating how well the expentaépoints fit a straight line is -
calculate the product moment correla.

3.1.1 Definition

Pearson's correlation coefficient between two Wem is defined as tkcovarianc of the two
variables divided by the product of thstandardieviations:

cov(X,Y) _ El(X — pux)(V — py)]
Ox Ty TxOy " (1.17)
23

Pxy =



The above formula defines tipepulationcorrelation coefficient, commonly represented g t
Greek lettep (rho). Substituting estimates of the covarianaes \zariances based on a sample
gives thesample correlation coefficientcommonly denoted:

= Z{(Xl B )_()(yl B 7)}
= 6 -2y, -9 (1.18)

The correlation coefficient may take on any valeeaeen plus and minus one.

-1.00 = » = +1.00

The sign of the correlation coefficient (+ , -) ihefs the direction of the relationship, either
positive or negative. A positive correlation coent means that as the value of one variable
increases, the value of the other variable incseaae one decreases the other decreases. A
negative correlation coefficient indicates thabas variable increases, the other decreases, and
vice-versa.

Taking the absolute value of the correlation coedfit measures the strength of the
relationship. A correlation coefficient of r= .5@dicates a stronger degree of linear relationship
than one of r =.40. Likewise a correlation cmédht of r= -.50 shows a greater degree of
relationship than one of r= .40. Thus a correlatomefficient of zero (r=0.0) indicates the
absence of a linear relationship and correlatioeffaments of r=+1.0 and r= -1.0 indicate a
perfect linear relationship.

3.1.2 Understanding and Interpreting the Correlation Coefficient
The correlation coefficient may be understood bgiotss means, each of which will now be
examined in turn.

The scatterplots presented below perhaps bestrdteshow the correlation coefficient changes
as the linear relationship between the two varmlidealtered. When r=0.0 the points scatter
widely about the plot, the majority falling roughig the shape of a circle. As the linear
relationship increases, the circle becomes morename elliptical in shape until the limiting
case is reached (r=1.00 or r=-1.00) and all thatpdall on a straight line.

A number of scatterplots and their associated tairom coefficients are presented below in
order that the student may better estimate theevafuthe correlation coefficient based on a
scatterplot in the associated computer exercise.

r=1.00 r=.50
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Figurel.2  Slope of the Regression Line of z-scores

The correlation coefficient is the slope (b) of thegression line when both the X and Y

variables have been converted to z-scores. Therléing size of the correlation coefficient, the

steeper the slope. This is related to the diffezdmetween the intuitive regression line and the
actual regression line discussed above.

This interpretation of the correlation coefficieist perhaps best illustrated with an example
involving numbers.

Example 1

The raw score values of the X and Y variables aeegnted below :
X 12 15 19 25 32

Y 33 31 35 37 73

This problem can be solved through two differengrapch:

In the first method,it can be solved thus;
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X y X=X (=X | y,=Y | (h=9 | =R - Y)
12 33 -8.6 73.96 -1.6 2.56 13.76
15 31 -5.6 31.36 -3.6 12.96 20.16
19 35 -1.6 2.56 04 0.16 -0.64
25 37 4.4 19.36 2.4 5.76 10.56
32 37 11.4 129.96 2.4 5.76 27.36
Sums 103 173 0 257.2 0 27.2 70.81

Applying T = > {(x =)y, - v}
{IZ(Xl_X ]l J}l/z

7081

- J2572%x272

Alternatively,the raw score values of the X and &riables are presented in the first two
columns of the following table. The second two ocohs are the X and Y columns transformed
using the z-score transformation.

=085

X - X

Sy
(1.19)
That is, the mean is subtracted from each raw soditee X and Y columns and then the result
is divided by the sample standard deviation. Thétappears as follows:

X Y Zx Zy
12 33 -1.07 -0.61
15 31 -0.07 -1.38
19 35 -0.20 0.15
25 37 0.55 .92
32 37 1.42 .92
20.60 34.60 0.0 0.0
5= 8.02 2.61 1.0 1.0

There are two points to be made with the above musl(1) the correlation coefficient is
invariant under a linear transformation of eitheadd/or Y, and (2) the slope of the regression
line when both X and Y have been transformed toares is the correlation coefficient.
Computing the correlation coefficient first withetraw scores X and Y vyields r=0.85. Next
computing the correlation coefficient witk and # yields the same value, r=0.85. Since the z-
score transformation is a special case of a lir@asformation (X' = a + bX), it may be proven
that the correlation coefficient is invariant (do¢schange) under a linear transformation of

26



either X and/or Y. The reader may verify this bynguting the correlation coefficient using X
and %z or Y and z. What this means essentially is that changingstdade of either the X or the
Y variable will not change the size of the cornelatcoefficient, as long as the transformation
conforms to the requirements of a linear transfoiona

The fact that the correlation coefficient is thepd of the regression line when both X and Y
have been converted to z-scores can be demonstptedmputing the regression parameters
predicting z from z, or z, from z. In either case the intercept or additive compomérihe
regression line (a) will be zero or very close,hwitrounding error. The slope (b) will be the
same value as the correlation coefficient, agathiwirounding error. This relationship may be
illustrated as follows:

¥
Zy = rIy

¥
Z.Jf: .?"ZI;

3.1.3 VariancelInterpretation

The squared correlation coefficienf)(is the proportion of variance in Y that can beamted
for by knowing X. Conversely, it is the proportiohvariance in X that can be accounted for by
knowing Y.

One of the most important properties of varianceéhe it may be partitioned into separate
additive parts. For example, consider shoe size.tftoretical distribution of shoe size may be
presented as follows:

Figure1l.3 The Theoritical distribution of shoe

If the scores in this distribution were partitioniedo two groups, one for males and one for
females, the distributions could be representdadlbsvs:

If one knows the sex of an individual, one knowsnsthing about that person's shoe size,
because the shoe sizes of males are on the av@yagavhat larger than females. The variance
within each distribution, male and female, is vaca that cannot be predicted on the basis of
sex, or error variance, because if one knows tketan individual, one does not know exactly
what that person's shoe size will be.

Rather than having just two levels the X variabl# wsually have many levels. The preceding
argument may be extended to encompass this siuditican be shown that the total variance is
the sum of the variance that can be predicted lametror variance, or variance that cannot be
predicted. This relationship is summarized below:
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The correlation coefficient squared is equal tordte of predicted to total varianc

2
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This formula maybe rewritten in terms of the error variance, ratihan the predicted varian
as follows:

4 4
rg_smm‘sm
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S POTAL
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The error variance %geror is estimated by the standard error of estimatesgl, % x,. The
total variance (@OTAL) is simply the variance of Y ?y.The formula now become

2
vy
rt= 1 -

2
°r (1.20)
Solving for §.x, and adding a correctionctor (N-1)/(N=2), yields the computational formt
for the standard error of estims

MN-1
Syy = JEN-E; sp (1 - 79

(1.21)
This captures the essential relationship betweercthrelation coeffient, the variance of \
and the standard error of estimate. As the stanelacdt of estimate becomes large relative
the total variance, the correlation coefficient di@es smaller. Thus the correlation coeffici
Is a function of both the standardor of estimate and the total variance of Y. Thendéad
error of estimate is an absolute measure of theuamof error in prediction, while tr
correlation coefficient squared is a relative meastelative to the total varian:

3.1.4 Further Calculation of the Correlation Coefficient

The easiest method of computing a correlation aoefft is to use a statistical calculator
computer program. Barring that, the correlation fiotwent may be computed using t
following formula:
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W
Y ZEy

=1
-1

Computation using this formula is demonstrated Wedo some example data: Computation is
rarely done in this manner and is provided as ammge of the application of the definitional

formula, although this formula provides little igkt into the meaning of the correlation

coefficient.

"=

X Y Zx Zy ZxZy
12 33 -1.07 -0.61 0.65
15 31 -0.07 -1.38 0.97
19 35 -0.20 0.15 -0.03
25 37 0.55 .92 0.51
32 37 1.42 .92 1.31
SUM = 3.40
N
_ ;Zﬂz? _ 340 .

M-1 4

Example 2

In a laboratory containing polarographic experim@&rtsamples of dust were taken at various
distances from the polarograph and the mercuryetwriaf each sample was determined.The

following results were obtained:

XY %=X (=X | V=Y | W9 | =X (Y,—Y)
14 | 24| -6.9 47.2 0.8 0.69 -5.70
3.8 |25|-45 20.0 0.9 0.87 -4.16
75 | 1.3|-0.8 0.59 -0.3 0.07 0.21
10.211.3| 1.9 3.73 -0.3 0.07 -0.52
11.7/0.7| 3.4 11.8 -0.9 0.76 -2.98
15.011.2| 6.7 45.3 -0.4 0.14 -2.49
Sums| 49.6|9.4|0 128.62 0 2.60 -15.65
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[ = -1565 _ _0856

412862x 260

In order to test for significant correlation,thesb way to achieve this is to calculate the t-
value,i.e H =zero, using the equation,

t:|r|\/n—2
{= 0.856v6-2 _ 331
1-(-0.856)

The calculated value of t is compared with the katied value at the desired significance level,
using a two sided t-test and at n-2 degree of &eedhe null hypothesis in this case is that
correlation between x and y does not exist.Theutatled value of t(3.31) is greater than the
tabulated or critical value(P=0.05) of 2.78,sonlé hypothesis is rejected.A strong correlation
exist and a non linear relationship is more likalythis case since the closer]r| is to 1 the
straight-line relationship becomes stronger.

Example 3

Standard aqueous solutions of fluorescein are enamin a fluorescence spectrometer,and
yeild the following fluorescence intensities.

Distance: 21 50 90 126 173 21.0 247
Concentration(pg ri): 0 2 4 6 8 10 12
Determine the correlation coefficient,r.

Solution

The data are presented in the table, as follows

X y =X (=X Y | (Y (=X, Y)
0 2.1 -6 36 -11.0 121.00 66.0
2 5.0 -4 16 -8.1 65.61 32.4
4 9.0 -2 4 -4.1 16.81 8.2
6 12.6 0 0 -0.5 0.25 0
8 17.3 2 4 4.2 17.64 8.4
10 21.0 4 16 7.9 62.41 31.6
12 24.7 6 36 11.6 134.56 69.6
Sums | 42 91.7 0 112 0 418.2¢ 216.:
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2162 _ 2162

r= =
V112x41828 21644

3.2 Regression Analysis

=0.9989

In statisticsyegression analysis includes many techniques for modeling and anatyseveral
variables, when the focus is on the relationshigvben a dependent variable and one or more
independent variables. More specifically, regressamalysis helps one understand how the
typical value of the dependent variable changesnvdrey one of the independent variables is
varied, while the other independent variables agtl Hixed. Most commonly, regression
analysis estimates the conditional expectatiorhefdependent variable given the independent
variables — that is, the average value of the dépeinvariable when the independent variables
are held fixed.In regression analysis, it is al§anterest to characterize the variation of the
dependent variable around the regression functdngch can be described by a probability
distribution.

Regression analysis is widely used for predictiod forecasting, where its use has substantial
overlap with the field of machine learning. Regressanalysis is also used to understand which
among the independent variables are related tdependent variable, and to explore the forms
of these relationships. In restricted circumstancegression analysis can be used to infer
causal relationships between the independent gmehdent variables. However this can lead to
illusions or false relationships, so caution isiadile: see correlation does not impausation.

A large body of techniques for carrying out regir@ssanalysis has been developed. Familiar
methods such as linear regression and ordinary $egmres regression are parametric, in that
the regression function is defined in terms ofratéi number of unknown parameters that are
estimated from the data. Nonparametric regressfers to techniques that allow the regression
function to lie in a specified set of functions,ialinmay be infinite-dimensional.

3.2.1 Regression analysis: fitting alineto the data

It would be tempting to try to fit a line to thetdawe have just analyzed - producing an
equation that shows the relationship, so that wghmpredict the body weight of mice by
measuring their length, or vice-versa. The metloodHis is called linear regression.

However, this is not strictly valid because lineagression is based on a number of
assumptions. In particular, one of the variableste "fixed" experimentally and/or precisely
measureable. So, the simple linear regression metban be used only when we define some
experimental variable (temperature, pH, dosage) atd test the response of another variable
to it.

The variable that we fix (or choose deliberatetydedrmed the independent variable. It is always

plotted on the X axis. The other variable is terntezl dependent variable and is plotted on the
Y axis.

31



Suppose that we had the following results from apeement in which we measured 1
growth of a cell culture (as optical density) dfetient pH levels

pH 3 4 4.t 5 55 | 6 65| 7 7.5

Optical density | 0.1] 0.2 ]0.28 | 0.32 | 0.33] 0.35 047 0.49 0.53

We plot these results (see below) and they suggstsaigh-line relationshiy

-»

Optical density
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Using the same procedures ascorrelationset out a table as follows and calculz x,Z y, 2
X2, = V2, £ xy, rand”* (mean oty).

pH (x) | Optical density (y)| X V2 Xy
3 0.1 9 0.01 0.3
4 0.2 1€ 0.04 0.8
4.5 0.25 20.2¢ 0.0625 1.125
5 0.32 25 0.1024 1.6
55 0.33 30.2¢ 0.1089 1.815
6 0.35 36 0.1225 2.1
6.5 0.47 42.2¢ 0.2209 3.055
7 0.49 49 0.240 3.43
7.5 0.53 56.2¢ 0.281 3.975
Yx=49|3y=3.04 > x*=284| 3y’=1.1882) 3xy =18.2

Td, = T4l (Z x)2
Now calculate n  =17.22 in our case.

2 (E.;tf)2

Syt = Tyt - .
Calculate™" v n  =0.1614 in our case.
o LAY

Calculatezaxd}’ 2= (this can be positive or negative) = +1.649
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Now we want to use regression analysis to findlithe of best fit to the data. We have done
nearly all the work for this in the calculationsab.

The regression equatidor y on xis:y = bx + a
whereb is the slope and is the intercept (the point where the line croskesy axis)
We calculaté as:

_ de.:i};
Zdrz

b

=1.649 x 17.22 = 0.0958 in our case

We calculatex as:

From the known values of  (0.3378), (5.444) ar{0.0958) we thus find (-0.1837).
So the equation for the line of best fitys= 0.096« - 0.184(to 3 decimal places).

To draw the line through the data points, we stugstin this equation. For example:
when x =4, y = 0.384, so one point on the linethas,y coordinates (4, 0.384);

when x =7,y = 0.488, so another point on the lias thex,y coordinates (7, 0.488).

It is also true that the line of bestdiwayspasses through the point with coordinate§ so we
actually need only one other calculated point gheotto draw a straight line.

40 CONCLUSION

Having gone through this unit,you have seen theetation coefficient measures the degree of
linear relationship between two variables, x angu should also have learnt that a positive
correlation coefficient implies that as the valueooe variable increases,the value of other
variable increases , and vice-versa. A negativestaiion coefficient,on the other hand,indiates
that one variable increases,the other decreased@mdersa.

In addition you have learnt that regression analyecuses on the relationship between a
dependent variable and or more independent vagable

5.0 SUMMARY
In this unit we have learnt that:

i.  The measure of degree of linear relationship betwee variables is known as
Pearson Product-Moment Correlation Coefficient (r),

ii.  Positive correlation coefficient occurs when ther@ase in value of one variable
brings about a corressponding increases in theevaflihe other variable and vice-
versa.
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Negative correlation coefficient occurs if the iease in the value of one variable
decreases the value of the other variable anduwecsa

The squared correlation coefficient is the prapariof variance in Y that can be
accounted for by knowing X

Relationship between a dependent variable and omeoce independent variables
defines regression analysis.

Regression analysis has wide application in preshand forecasting
TUTOR MARKED ASSIGNMENT

In your own words,define correlation coefficient
Differentiate between positive and negative cotreta
List two application of regression analysis

The resonse of a colorimetric test for glucose wlaecked with aid of standard glucose
solutions.

Determine the correlation coefficient from the doling data.
Glucose concentration,mM 0O 2 4 6 8 10
Absorbance 0.002 0.15m294 0.434 0.570 0.704
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1.0 INTRODUCTION

Several Acid-Base titrations are quite difficult tealize ordinarily by the use of visual
indicators for one of several reasons.The analyst be color-blind to a particular indicator
color change; it could be that no suitable colmarge exist for a particular type of titration or
the solutions themselves may be colored, opaquerbid. It may be desired to automate a
series of replicate determinations. In such sibmat potentiometric titration, using a glass
hydronium ion selective electrode, a suitable exfee electrode and a sensitive potentiometer
(a pH meter) may be advantageous. This study isniiesigned to focus on potentiometric
measurements and pH titrations.Let us look at whar content you should learn in this study
unit as specified in the study unit objectives belo

20 OBJECTIVE

By the end of the unit,you should be able to
» Distinquish between potentiometer and pH meter
« Identify the basic component of a pH meter
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* List various interference ions of solid state meanier electrode
» Explain the basic principle of liquid membrane &lede

3.0 MAIN CONTENT
31 Potentiometer

Electroanalytical chemistry consists of the fiell adhemistry that utilizes the relationship
between chemical phenomena which involve chargesfea (e.g. redox reactions, ion
separation, etc.) and the electrical properties #ompany these phenomena for some
analytical determination.The two commonly usedrunsient for making potential measurement
are potentiometer and pH meter

A potentiometer is an instrument for measuring f@ential in a circuit. Before the
introduction of the moving coil and digital volt tees, potentiometers were used in measuring
voltage, hence the -meter' part of their name. Mie¢thod was described by Johahristian
Poggendorff around 1841 and became a standarcalaopimeasuring technique.

Potentiometer is used for measurements of lovstaste circuits.The potentiometer operates
by connecting a known voltage source to the celbsehvoltage is to be measured with a
sensitive galvonometer in between,and adjustingsthéce voltage untill it equals the cell
voltage.This occurs when no current flows through galvanometer.This is achieved by means
of a sidewire which varies the fraction of the kmowource voltage applied to the cell.The
potential can then be read from the known sourdtage.The sensitivity of the potentiometer is
related to the sensitivity of the galvanometer th&lcell resistance .

3.2 PH-Meter

pH meter is a voltameter that converts the unkneultage to current which is later amplified

and read out.The pH meter is a null-type devices élse potentiometer.The electrometer draws
very small currents and is best suited for irrefpdesreactions that are slow to established
equilibrium.They are also required for high-resist electrodes, like glass pH or ion-selective

B = W NN O @

Figure2.1 Scheme of typical pH glass electrode
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Modern pH probe consists of an electrode, whiclmlmoes both the glass and reference
electrodes into one body. The combination electmmesists of the following parts as shown in
the fiqure above:

1. asensing part of electrode, a bulb made from eifsipglass
2. internal electrode, usually silver chloride eled&mr calomel electrode

3. internal solution, usually a pH=7 buffered soluti@n0.1 mol/L KCI for pH electrodes
or 0.1 mol/L MeCl for pMe electrodes

4. when using the silver chloride electrode, a smabant of AgCl can precipitate inside
the glass electrode

5. reference electrode, usually the same type aqaltetectrode
reference internal solution, usually 0.1 mol/L KCI

7. junction with studied solution, usually made froeramics or capillary with asbestos or
quartz fiber.

8. body of electrode, made from non-conductive glagdastics.

o

The bottom of a pH electrode balloons out intowibthin glass bulb. The pH electrode is best
thought of as a tube within a tube. The inside mas¢ (the inner tube) contains an unchanging
1x10" mol/L HCI solution. Also inside the inner tubetfie cathode terminus of the reference
probe. The anodic terminus wraps itself aroundatiside of the inner tube and ends with the
same sort of reference probe as was on the in$itteeonner tube. It is filled with a reference
solution of 0.1 mol/L KCI and has contact with t@ution on the outside of the pH probe by
way of a porous plug that serves as a salt bridge.

3.3 Glass M embrane Electrode

Glass membrane electrode is a type of electrodeglmmmonly used for measuring pH of a
given solution.This is classified into solid statembrane and liquid membrane electrode

3.3.1 Solid state membrane

This electrode consists of silver-silver chloride d reference solution of hydrochloric acid
contain in a glass membrane.The membrane is mad# apspecial glass,usually a hydrated
aluminosilicate containing sodium or calcium iohsTlelectrode is selectively permeable to
hydrogen ions and the potential that develops adfws membrane hydrogen ions of the tested
solution compared with the reference acid solutionthe electrode.The potential can be
measured against a reference calomel electrodey usirhigh sensitive voltmeter.In pH
measurement,calibration of the instrument is imgdrand can be achieved with either buffers
whose pH has been previously measured.But for mea&nt over a range of pH values,it is
necessary to standardize the instrument on atteasstandard buffer solutions which covers
the required range.The simplest solid state menebrare designed to measure the test
ions.Alternatively,the test substance may involiredne or two reactions on the surface of the
electrode which change the activity of the mobhage.
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Table 2.1 Membrane materials and interfering ions

Test ion Membrangenal Major intering ions
Fluoride LaF I Br CI
Chloride AdsY,S STI

Bromide AgBg-S ST

lodide ABg.S S

Sulphde Ajb,S Hg Ag’
Cupric AYCuS HJ Ag
Lead BPbS Hd Ad'

3.3.2 Liquid-Membrane Electrodes

Liquid membrane electrode is made up of an ionesgke material dissolved in a solvent that is
not miscible with water.The liquid is held in a pas inert which allows contact between the
test solution on one side and the reference elgtdron the other .The ions from the reference
solution solution will partition themselves betwe#dre two immiscible solvent,giving the
electrode a particular potential.The presence eftdst ion in the sample affect the activity of
the reference ions in the membrane resulting ihange in the potential difference across the
membrane.

Example of liquid membrane electrode are:

Test ion Membrane material

Potassium Valinomycin in diphenyl ether
Ammonium Macrotetrolides in tris phosphate
Calcium Calcium dialkylphosphate

3.4 Potentiometric M easurements

Potentiometric titration is a technique similardicect titration of a redox reaction. No indicator
is used, instead the potential across the andiygesally an electrolyte solution is measured. To
do this, two electrodes are used, an indicatortrelde and a reference electrode. The indicator
electrode forms an electrochemical half cell wile interested ions in the test solution. The
reference electrode forms the other half cell, imgjda consistent electrical potential. The
overall electric potential is calculated as

Ecel = Bind - Eref + Esol (2.1)

Esol is the potential drop over the test solution betvéhe two electrodes..dg is recorded at
intervals as the titrant is added. A graph of pbétagainst volume added can be drawn and the
end point of the reaction is half way between thmp in voltage.

E.en depends on the concentration of the interestesi wath which the indicator electrode is in
contact. For example, the electrode reaction may be

As the concentration of M changes,the & changes correspondingly. Thus the potentiometric
titration involve measurement otd with the addition of titrant.
For direct potentiometric measurement in whichdbgvity of one ion is to be calculated from
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potential of the indicating electrode,the potentiithe reference electrode is described by the
equation (2.2)

=k 2.303RT log A, og
nk a

0X

Where k is constant determined by measuring thenpial of a standard solution in which the
activity is known.

If the ionic strength is maintained constant atshee value,the activity coefficientsof the test
solution remains constant at all concentratiorhefgubstance.

Then concentration can be determined from measgie@otentials.
E —g°_ 2'303RTIog Ceg
nF C

E (2.2)

(2.3)

(02,8

Where E’is the standard electrode potential
R is the gas constant
F is the Faraday constant
n is the number of electrons involved
T is the absolute temperature
For measurements made at 250C the equation isiBeds:
0.059
E =E°-—"""loga (2.4)
types of potentiometric titration: acid-base tiwat (total alkalinity and total acidity), redox
titration (HI/HY and cerate), precipitation titrati (halides), and complexometric titration

Example 2.1

A solution is 10M in Cr,072 and 16°M inCr**if the pH is 2.0,what is the potential of the half
reaction.

Solution

Cr,0;2 +14H + 6e = 2CP* +7H,0

0.059, [Cr¥]?
6 [Cr,O,* ][H]*
0.059 (L07?)?

E = 133- 2959,
6 900%)a07)"

_ o
E=E"co*cr —

= - 13 0.059

log10*”

E= 133—%’ (14314
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E = 133-[(0.00983(1.4313¢

E=13V

Example 2.2

Calculate equivalence point potential if 0.02 M EWjs* is titrated with 0.1 M CE.
E%e ice = 1.61V, Brecnye Irecnys” = 0.36 V.

This is a straight application of this formula

o 0
— nAEA + nBEB

Ecell - n. -n
A~ B 2.

In both half reactions one electron is exchangedquivalence point potential is given by

_1.61+0.36

» =098V

E

Note, that we can ignore given concentrations da thrant and titrated substance, as
equivalence potential doesn't depend on them.

Example: 2.3

What is equivalence point potential when 0.1 Msdlution is titrated with 0.1 M solution of
S04 B} - =053%, E_ . - = 008/
Reaction equation for this titration is

25055 + I — SO0 + 2I

obviously we can't use our general formula (neithgrnor ng are constant). We have to use
the general approach and assume that reactiontavélinost) completion.

We have to mix thiosulfate and iodine in 2:1 rafis. solutions concentrations are identical that
means we will use 2 volumes of thiosulfate and tuwe of iodine, for the final volume of 3.
Thus, taking both stoichiometry and dilution inttcaunt, we can write:

lszai_ |+2I54 O?}_ |=% M
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and

lr,-1-0.1
Li+=|{ |=—M
[1)+2 117 1=%

However, reaction is shifted so far to the righattconcentrations of bot reactants are (in the
mass balance) negligible:

5 0.1
15,05 E=TM
and
1171=22

We also know from the reaction stoichiometry that
|S:0?3—_ 1=2[1,]
Nernst equations for both systems are

[1,]
(1]

RT
E-:'qr=E{I.|’_JI + 2 F

In(—3)

~ R T |S4 O{?_]
E(-Q_E{L'&'.Hi "IS.'U‘: + 2F ln[nggf}i_F

)

Let's combine Nernst equations with known informatlisted above, aiming at removing all
variables but H:

RT . . |1,]
E:':f=EIH:H +2F‘ ln{ 02 3}
(TJ
0.1
E =E RT o (—3

24 08,00 1S,0] + 2 F {2' ! ]}_

We have two unknowns here. While we neeggl Eis easier to calculate concentration of iodine
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first. Besides, that'll let us check if our assuimpi@bout the low iodine concentration was right.
Subtracting second equation from the first one ate g

0.1
RT. , [1,] = RT 3
Eorir =Eosoris.or P M= 05)75F ]”[{2113J}3}=0
[T}
After some rearranging and canceling:
RT, . AlLJ
' F In( 01.0.2 3}=En.‘;_.mi 15,0} _Ew_.u
ERER

or

|| 0.1,02.° ZF(EM,HE, 15,07 _Enf_,u )

llT{_} exp( RT )
IIEI=\ 7 =2.49-10 ' M

as iodide concentrations was 0.2/3 = 0.0667 owrmag8on that 4 concentration is much lower
was correct. Entering known concentration into deaguation we get

7
E o+ R (2210 64007

Eﬂr or 2 F U 7 °

and this is our equivalence potential. Note, theahg derived formula we would get 0.308 V,
almost 0.1 V off.

Example 2.3

what is potential in 0.01 M Bésolution titrated 25% with 0.0112 M31? Byrere" = 0.77 V,
Eori*’mi®" = 0.130 V.

This is reduction titration, in which Eeis being reduced to Fe
42



Fe + Ti*" > Fe" + Ti**
Using approach described above we can immediatetg w

i+
1 [Fe’™], _ LR, T5)

E=E;; e 1= Eope e
[Fe | nk 25

as we know that already 25% of the iron is in #mduced form and so 100%-25%=75% have to
be still in the oxidized form. We don't have toeabout dilution factor, as it is identical for
both forms of iron and cancels out. nis 1. Thus

E=0. ??+‘Tp—Tln{3}=0.an

Example 2.4

what is potential in 0.1 M ¥, pH = 1.00 solution titrated 120% with 0.1 M perrganate?
Eoo2it202= 0.682 V, Bvnoamn’ = 1.51 V.

In this titration hydrogen peroxide is oxidized iigrmanganate to water and oxygen:
5H,0, + 2 MnQy + 6H" — 8H,0 + 50, + 2 Mrf*

However, this reaction is irrelevant to the questiat 120% solution contains some amount of
Mn?* and 20% of that amount of excess permanganatboksMnQ, and Mrf* are present in
the reaction quotient in the first power, theirlre@ncentrations don't matter, we are interested
in the ratio only - and, similarly to the first qgi®n, we know enough to calculate this ratio as
20/100.

Nernst equation for the permanganate half reacsion

IMHUH[HW“]
=

| Mn*

E=E 0 Mo, [ My + 5F 1‘1{

From pH value we know Hconcentration is 0.1 M:

b3
F=151 +RT 1I][20'-[].1

5F 100

)=1.41V
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CONCLUSION

In this study unit,you have learnt about potentitene@s an instrument for measuring the
potential of a cell or circuit.You should also hdearned the basic components of a pH-
meter as well as their respective functions. Lasthy will have learnt that glass membrane
is a type of electrode used for measuring pH afrargsolution.

SUMMARY

In this unit we have learnt that:
The study of the relationship between chemical phema which involve charge
transfer and the electrical properties that accaongghthese phenomena is known as
electroanalytical chemistry.
Potentiometer is an instrument used to measurgadkential of a cell whereas a pH
meter is a voltameter which converts unknown vatag current which is later
amplified and read out.
A typical modern pH probe is a combination of elede which consists of both glass
and reference in one body.
Glass membrane electrode is classified into seiitesmembrane and liquid membrane
electrode
Solid state membrane is made up of a silver-siklectrode which is selectively
permeable to hydrogen ions, and a reference solutfoHCI acid contain in a glass
membrane.
The presence of the test ion in the sample, im@di membrane electrode, affects the
activity of the reference ions which consequentigirges the potential difference across
the membrane.

TUTOR MARKED ASSIGNMENT

In what way is pH-meter similar to a potentiometer
Describe the basic components of a pH-meter
Explain the basic principle of a liquid membranectiode

Hg+ and Ag+ constitute the major interfering idossome test ions in solid membrane
electrode. List the three possible test ions.
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UNIT 2 CONDUCTOMETRIC METHODS

1.0 Introduction

Conductometry means measuring the conductivity eonductometer measures the
electrical conductivity of ionic solutions.

This is done by applying an electric field betwéen electrodes. The ions wander in
this field. The anions migrate to the anode andcii@ns to the cathode. In order to
avoid substance conversions and the formation fifision layers at the electrodes
(polarization), work is carried out with alternagimoltage. The rule of thumb is that the
frequency of the alternating voltage must be inmedaas the ion concentration
increases. Modern conductometers automatically tatth@pmeasuring frequency to the
particular measuring conditions.

20 OBJECTIVE
« Define accurately some basic conductometry terms
» Classify substances based on electrical conductance
» Distinquished between equivalent and molar condityti
» List and explain the factors affecting conductaotcelectrolyte solution
« State Kohlrausch law of independent migration ofkio

3.0 MAIN CONTENT
3.1 Electrical Resistance & Conductance

3.1.1 Resistance (R): The tendency of a material to stop the flow ofrent is known as
resistance. It is measured in ohrf.(

According to Ohm's law, The resistance offered substance is directly proportional to its
length (), but inversely proportional to its cross secticaraa (A).

Rel
B

In case of electrolytic solution$, represents the distance between two electrodethand’ is
the cross sectional area of the electrodes.
The above equation can also be written as:
R = p.i
A (2.6)
Wherep is the proportionality constant and is known ascHfr resistance or resistivity.
If A=1cnf andl = 1 cm, then R .
Therefore, the specific resistance can be defisddlbws:
Specific resistance or resistivityp)( It is the resistance offered by a material oluon
occupying one crivolume.
It is measured in:
ohm.cm (in C.G.S system) or ohm. m  (ins§stem).Its unit can be derived as follows:
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2

&
2= R.T = ohm = ohmem
cm

3.1.2 Conductance (G): It is the tendency of a material to allow the floWcurrent througt
it. It is the reciprocal of resistan
It is measured in ohth= mho = Siemen

1

Eesistance ()
By substituting, R fronequation (2.):

Conductance {5 =

g=LAf_ &
pd (2.6)
Where

x= L spectfic conductance {or) conductivity
P

From the equation (2.6),
r= G.i

A
If A=1 cnf andl = 1 cm, therx = G.
Therefore the specific conductance can be defist
specific conductance or conductivityx)! It is the conductance of a material or solul
occupying one criwolume.
It is measured in:ohth cmi* = mho. cn™® (C.G.S system) or Siemens’m(S.| syster
The specific conductance depends on the niof substance or the electrolyte, at increases
with increase in concentration the electrolytic solution becauiee number of ions per ur
area increases.The ratio of distance between the electrode®, the cross sectional area, A
the electrodes is known as cell cons
cell constant (G*) = i
The cell constant can be determined by using fatigwelations which can be derived ea:
from expressions discussed ab

=t _R_x_p L
A ~ o G-.-‘-_" (27)
3.2  Typesof Substances Based on Electrical Conductance

Materials are divided into two tyf based on electrical conductivity :
1) InsulatorsThe substances which resist the flow of electricenut through them are calle
insulators. They do not have free electrons odyraeving charged particle

Organic polymers (like plass), glass, diamond, quartz are jbut few example
2) ConductorsThe substances which allow the flow of electridityough them with little
resistance are known as conduc
Conductors are divided into:
i) Metallic or electronic conductol These areonductors which conduct theectricity through
the electrons, e.gall metals, raphite etc. In metallic conductiong rthemical reaction occu
during the conductio of electricity,an conductivity decreases with increase in temperadue
to vibrational disturbances.
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i) Electrolyte: This is a substance which in aquegolution or molten form allows electricity
to pass through it and decomposes into oppositeyged ions during the process.
E.g :- NaCl, KCI, CHCOOH, HCI etc.

Free flow of ions towards the oppositely chargegtiebdes occurs and during conduction of
electricity through electrolytes, oxidation occatsanode whereas reduction occurs at cathode.
The conductivity increases with increase in terapae as the extent of ionization increases.
The electrolytes undergo dissociation to furnishsieeither in molten state or in aqueous
solutions.The electrolytes are further divided imted based on the extent of ionization in
water:
a) Strong electrolytes: Undergo complete ionaatn water.

E.g. NaCl, KCI, KSOy, HCI, H,SO,,NaOH, NaNQ etc.
b) Weak electrolytedJnder go partial ionization in water.

E.g. HF, CHCOOH, NH,OH, HCOOH etc.

Non-electrolytesThe substances which do not furnish ions for aledtconduction are called
non-electrolytes. e.g urea, glucose, sucrose etc.

3.3  Equivalent Conductance & Molar Conductance

3.3.1 Equivalent conductivity (A)

The conductance of that volume of solution comntgnone equivalent of an electrolyte is
known as equivalent conductivity. It is denotedAy

Let us consider the V chof solution containing one equivalent of an elelgte. Its
conductance is equal to equivalent conductaAnce,

Also we know that the conductance shown by T swmlution containing this electrolyte is
called specific conductance,

ie.,

the conductance of V cta-------- A

the conductance of 1 Gra------- K

Therefore:

A=y (2.8)

We know that the normality (N) of a solution is @by the equation:

N=— "% 21000
Viin oo

For above electrolytic solution, no. of equivalemis= 1.

Hence
. 1aon
Vincoo)= ——
(in cc) ¥
By substituting the above value in the equatioB)(2ve can now write:

1oon
M= —
M

(2.9)
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Units of A:

B Ohm™. cm™?

- equivalents . cm™

= cnt . ohm. equiv* = cnf . mho. equi™ or nf . Siemens. equit

3.3.2 Molar conductivity (Am or p)

The conductance of that volume of solution contggrone mole of an electrolyte is known
molar conductivity. It is denoted bym or p.

It is related to specific conductaneeas

p=x.V or
1aoo
M= E—
M (2.10)

WhereM = molarity of the electrolytic solutio

Units ofp: = cnf . ohm*. mol™* = cnf . mho. mot or nf . Siemens. mdi

The relation between equivalent conductaicaend molaiconductancey can be given b

u = A x equivalent factor of the electrol

The equivalent factor of the electrolyte is usuahlig total charge on either anions or cati
present in one formula unit of it. It may be egtoabasicity in case of acids equal to acidity
in case of bases.

34 The Factor s Affecting the Conductance of Electrolyte Solutions

a) Temperature: The conductance of an electrolyte tion increases with increase irthe
temperature due to increase in the extent of iratio.

b) Nature of electrolyte:
The strong electrolytes undergo complete ionizatdiod hence show higher conductivit
since they furnish more number of ic
Whereas weak electrolytes undergo partial ionipaBod hence show comparatively |
conductivities in their solutior

c) lonicsize & mobility:

The ionic mobility decreases with increase in ixe nd hence conductivity also decree
E.g. In molten state, the conductivities of lithiwalts are greater than thosecesium salts
since the size of Liion is smaller than that of * ion.

Free ions

® ()

smaller and moves faster  larger and moves slowly

In aqueous solutions the extent of hydration affdeamobility of the ion, which in turn affe
the conductivity. Heavily hydrated ionsow low conductance values as a re larger size.
For instance,n aqueous solutions ™ ion with high charge density is heavily hydratedrtiC:"
ion with low charge density. Hence hydrate® bigger than hydrated CsAs a result, lithiun
salts show lower conductivities compared to trof cesium salts in water.
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hydrated ions

larger and moves slowly  smaller and moves faster
Figure2.2 Hydration of Lithium and Cesium ions in aquesokition

d) The Viscosity

The ionic mobility is reduced in more viscous sulis,that is ,the ease at which ions migrate in
agueous solution decreases as viscosity incrésmsse the conductivity decreases.

e) Concentration

The specific conductance)(increases with increase in concentration of smuas the number

of ions per unit volume increases.

Whereas, both the equivalent conductivity and matanductance increase with decrease in
concentration (i.e. upon dilution) since the ext&nbnization increases.

This is because the concentration decreases, onexgact decrease in equivalent conductivity
due to decrease in available number of ions pdarwaliime. However the increase in volume
(V) factor more than compensates this effect. Tdéleme must be increased in order to get one
equivalent of electrolyte since the concentratdecreased. Hence the net effect is increase in
equivalent conductivity.

3.5  Limiting equivalent conductivity (Ao)

The equivalent conductivity reaches a maximum valueertain dilution and does not change
upon further dilution (i.e., by adding solvent hat). This concentration is also termed as
infinite dilution.

The equivalent conductivity at infinite dilution ksiown as the limiting equivalent conductivity
(Ao). At this dilution, the ionization of even the vkeglectrolyte is complete.

However at infinite dilution (i.e., when concentoat approaches zero) the conductivity of the
solution is so low that it cannot be measured ately. Therefore the limiting equivalent
conductivity of an electrolyte is calculated by ngsiDebye-Huckel-Onsagar equation as
explained below.

Conductance ratio (a) : The ratio of the equivalent conductance at givemcentration A to
that at infinite dilutionA, is called conductance rati,

fy

g (2.11)
For weak electrolytes, the' is also called as degree of ionization.

b =

It is possible to determine the equivalent conditetis of electrolytes in water at given
concentration by using Debye-Huckel-Onsagar equatio
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he= ho = Adle (2.12)
Where

A= equivalent conductivity at given concentration.

Ao= equivalent conductivity at infinite dilution.

C = concentration

22.4 2z 10’
L = aconstant = +

1 3
(DT)? (DT} (2.13)
D = Dipole moment of water
T = Absolute temperature

A straight line with negative slope is obtained wile equivalent conductivity valuead of
strong electrolytes are plotted against squaresradt different concentrationsVg). The
equivalent conductivity at infinite dilutionAG) can be determined by extending this straight
line to zero concentration.

orweak electrolytes

or strang electrolytes

s

Figure 2.3 A plot of equivalent conductance versus squané @bconcentration.

However the equivalent conductivity of weak elelsti®s increases steeply at very low
concentrations (as in the above graph) and heneg timiting values f,) cannot be
determined by extrapolating tiAg to zero concentration.

Therefore, A, for weak electrolytes is obtained by using Kohdéeu law of independent
migration of ions, which is described in below.

3.6  Kohlrausch Law of Independent Migration of lons

In 1874, Kohlrausch formulated the law of indepernidmigration of ions based on the
experimental data of conductivities of various #&lggtes. This law can be stated as follows:

At infinite dilution, the dissociation of the elealyte is complete and hence each ion makes
definite contribution to the equivalent conductyvdf the electrolyte irrespective of the nature
of other ions associated with it.

Therefore the limiting equivalent conductivity af alectrolyte is the algebraic sum of limiting
equivalent conductivities of its constituent ions.

i.e., The limiting equivalent conductivity of areetrolyte,A e

AT = )T+ 5 (2.14)

Wherel,” andi, are the limiting equivalent conductivities of catiand anion respectively.
However the Kohlrausch law can also be statedrmdef molar conductivities as:
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The limiting molar conductivity of an electrolyts the sum of individual contributions of
limiting molar conductivities of its constituentns.
i.e., The molar equivalent conductivity of an etebtte, uo

electrolyte + -
=M, Hy TR Ly (2.15)

electrolyte

Mo

Wherep," andy, are the limiting molar conductivities of cationdaanion respectively.
And n, and n are the stoichiometric numbers of positive andatigg ions formed during the
dissociation of electrolyte.

3.6.1 Experimental Basisand Theoretical Explanation of Kohlrausch Law
Kohlrausch observed that at infinite dilutionse thifference between the conductivities of

sodium and potassium salts is constant irrespedfvéne associated anions, as tabulated
below.

Salt pair| Conductivity Difference
(mho cnfequiv)

NacCl 108.90 21.20
KCI 130.10

NaNO3 | 105.33 21.17
KNO3 | 126.50

NaBr 111.10 21.20
KBr 132.30

Kohlrausch argued that the constant differenceh ¢onductivities of above pairs can be
ascribed to the fact that the mobility of sodiund ggotassium ions at infinite dilution is not
influenced by the nature of counter ions. The iahsuch a low concentration migrate in the
electric field as they are independent i.e., tHeynssame ionic conductance irrespective of the
nature of counter ion.

3.5.2 Applicationsof Kohlrausch Law

1) Calculation of limiting conductivities of weakeetrolytes: The Kohlrausch law can be used
to calculate the limiting conductivities of wealeedrolytes.

E.g., The calculation of limiting equivalent contarce of acetic acid, a weak electrolyte is
illustrated below.

According to Kohlrausch law, the limiting equivalenonductance values of GEOOH,
CH3COONa, HCI and NaCl can be written as follows:

A§H3CD:IH :;,LEH3CDCJ' + :"H

ﬁoCHg(ZCONa — CHCO0Cr ¥ ;,Ltl;la"
HZl _+HY Iy

ﬁo _;'-o + -;I"o
MaCl _ g Mat 1

ﬁo _lo + j"o

Therefore
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ﬁaCHECOOH :ﬁEH3COONa +ﬁ£1':1 _ﬁfaCl

2) Determination of degree of ionization) ©f weak electrolyteThe degree of ionization of a
weak electrolyte at a particular concentration gsia to the ratio of actual number of ions
formed due to partial ionization to the expectednbar of ions formed upon complete
dissociation.

Actual no. ofions formed due to partial dissociation

Expected no. of particles formed due to complete dizssociation

Since the conductance is proportional to the nundfeions in the solution, the degree of
ionization is equal to the conductance ratio asmgivelow.

i i
a = e _ . C :
hl:l ::II"IZI + ;II"IZI
Where

A= equivalent conductivity at given concentration.
Ao= limiting equivalent conductivity.

Lo = limiting equivalent conductivity of cation.

Lo = limiting equivalent conductivity of anion.

Calculations on Conductivity

Example 1

A conductivity cell is constructed of platinum eledes in the form of squares 4 cm on a sides
the electrodes being spaced 2 cm apart. When this éded with 0.1M HCI, the resistance of
the cell is found to be R = 3.194 What is the molar conductandeof the HCI?

Solution

Since the resistance is proportional to the amedh iaversely proportional to the distance
between the electrodes, the resistance reducednd filates separated by 1 cm i$/®)(3.194)

= 25.652A. SinceA = o /c ando = k/R,A = [(25.552) (0.0001)} = 391.3 ohr cn? mol?

Example 2
Some 0.05M NaCl is placed in the same cell as deatribed in Example 2. The resistance
with the NaCl solution is 22.5Q2 . Find Anac) Without using the dimensions of the cell.

Solution
We can findA from the known value for the 0.1M HCI. Equation €an be written a8 = o /c
= 1/(Rc), or R@ = 1. Thus (R& )HCI =(Rc\ )NaCl and

_ (3913)(3.194)(0.0001)
Ml T (22.502)(0.00005)

1111 ok cim’mol™
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Note that this is the way\ is usually measured experimentally; the condustieell is first
calibrated against a solution of knoviknand for the unknown is found by comparison.

Example 3

For acetic acid (HACY\° = 390.6 ohrit cn? mol™, while at a concentration of

0.003441 mol dii, A = 27.19 ohrit cn? mor*. What is the degree of disassociation, the
concentration of each species, and the equilibganstant?

Solution

The degree of dissociation can be found by usingafion (12)a=A/A° = 27.19/390.6= 0.0696
The concentrations of Hand R are therefore;

[H*] = [R] = (0.0696)(0.003441) = 2.40 x tou

and the concentration of HAc is [HAc] = 0.003441.600240 = 0.003201M

The equilibrium constant is then (2.4 x*40.00320 =1.8 x 19

Example 4
have the specific conductance of a decinormal molubf tribasic acid which is 0.33mS/cm.
This is the only detail | have and | need to cateiimolar conductance.

Solution
decinormal = 0.10N 1M=3N so molar conductivity wabide conductivity of a 1 molar sol. or
30 times the conductivity of 0.10N......... 010N X0 = 1IN x3 =1 M

0.33mS/cm X 30=9.9mS/cm

Example 5

A solution of salt (1.0 N) surrounding two platinwtectrodes 2.1 cm apart and 4.2 cm2 in
area was found to offer a resistance of 50 ohmisude the equivalent conductivity of the
solution.

Solution:
[=2.1cmC=1.0N
a=4.2cm2

R =50 ohm

Example 6

Specific conductance of a decinormal solution of 6®.0112 ohmt cn™.

The resistance of a cell containing the solutios feaind to be 56. What is the cell constant?
K =0.0112 ohm' cmit

R=56 ohm

Cell constant = Specific conductance x Resistance

=KxR

=0.0112 x 56 = 0.6272 ¢th
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40 CONCLUSION

In this unit, you have learnt that conductometryhis study of the conductivity measurement
made possible by the use of an instrument knowsoaductometer.

You should also have learned that insulators réisestlow of electric current whereas metallic
conductors and electrolyte allow electricity towWlahrough electrons and mobile oppositely
charged ions respectively.

It was also learnt that conductivity of conductarsd electrolytes depends on temperature; at
higher temperature the conductivity of conductoesrdased due to vibrational disturbance
whereas in electrolyte, conductivity increases wittrease in temperature.

Finally, you will have learnt that conductivity tiie electrolyte is depended on other factors
such as nature of electrolyte, ionic size and nitgbiwiscosity, and concentration. Kohlrausch
law of independent migration, its applications adl\w&s some calculations were studied.

5.0 SUMMARY

In this unit we have learnt that:

i. Resistance is the tendency of a material to stepflttw of current, and is directly
proportional to the length of the conductor andenrsely proportional to its cross
sectional area. On the other hand, the tendenaynadterial to allow the flow of current
through it is called conductance.

ii. Insulators resist the flow of electricity but cowmtlors allow the flow of electricity
through them.

li.  Strong electrolytes undergo complete ionizatiowater unlike weak electrolytes which
ionize partially in water.

iv.  The conductance of that volume of solution contegjnone mole of an electrolyte and
that containing one equivalent of an electrolyte aalled molar and equivalent
conductivity respectively.

v. Factors such as temperature, nature of electralytés mobility, viscosity as well as
concentration affect the conductance of electroggkition. lonic mobility decreases
with increased ionic size which consequently desgsaconductivity. The ease with
which ions migrate in agueous solution decreasegisE®sity increases, this in turn
decreases conductivity.

vi.  Strong electrolytes exhibit higher conductivity ehiweak electrolytes show lower
conductivity. The conductance of an electrolyteusoh increases with increased
temperature.

6.0 TUTOR MARK ASSIGNMENT
1 Explain briefly the following terms:
0] Resistance (i) specific conductance (imolar conductance
List the factors that affect the doctivity of electrolyte solution.
State Kohlrausch law of independeigration
The equivalent conductance of Na@)] Bind CH3COONa at infinite dilution are
126.45, 426.16 and 91.0 onm-1 cmived, respectively at 25°. Calculate the

A OWN
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equivalent conductance of acetid atiinfinite dilution.
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UNIT3 ELECTROLYTIC METHODS

1.0 Introduction

In the last unit you learnt about conductivity afnductors and electrolytes. In this unit we
discuss electrolytic method of analysis. Electiolyhethods consist of the most accurate and
most sensitive instrumental techniques. The ana$ytexidized or reduced at an appropriate
electrode and the amount of electricity involvedhe electrolysis is related to the amount of
analyte These methods are best suited for largatitjea of analyte, for instance, millimole
amount. Smaller amount of samples can sometimesdasured in these methods. Selectivity
can easily be achieved in electrolytic method bprapriate choice of electrolysis potential
since different analytes have different potentiakhich they are oxidized or reduced.

20 OBJECTIVE
» Discuss the principle of voltammetry
» List and explain the types of voltammetry
» Distinquish between chronoamperometry from othétamemetric techniques

3.0 MAINCONTENT

3.1 Voltammetry

Voltammetry is essentially a current-voltage teges in which electrolysis is done on a
microscale using a micro working platinum or anytahle electrode. This is a category of
electroanalytical chemistry and various industpiacesses.

3.2.1 BasicPrinciple of Voltammetry

Voltammetry is the study of current as a functd@mpplied potential. These curves | = f(E) are
called voltammograms. The potential is varied aabily either step by step or continuously,
and the actual current value is measured as thendept variable. The shape of the curves
depends on the speed of potential variation (natfideiving force) and on whether the solution
is stirred or quiescent (mass transfer). Most arparts control the potential (volts) of an
electrode in contact with the analyte while measythe resulting current (amperes).

&

1 = 1
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Figure 2.- Voltammetric cell
[Three-electrode setup: (1) working electrode; (@xikary electrode; (3) reference electrode]

To conduct such an experiment requires at leastetecirodes. The working electrode, which
makes contact with the analyte, must apply thereéspotential in a controlled way and
facilitate the transfer of charge to and from thalgte. A second electrode acts as the other half
of the cell. This second electrode must have a knpetential with which to gauge the
potential of the working electrode, furthermorentist balance the charge added or removed by
the working electrode. While this is a viable setiiphas a number of shortcomings. Most
significantly, it is extremely difficult for an ettrode to maintain a constant potential while
passing current to counter redox events at the wgmrdectrode.

To solve this problem, the role of supplying elens and referencing potential has been
divided between two separate electrodes. The meferelectrode is a half cell with a known
reduction potential. Its only role is to act aserehce in measuring and controlling the working
electrodes potential and at no point does it pagscarrent. The auxiliary electrode passes all
the current needed to balance the current obseatw/éide working electrode. To achieve this
current, the auxiliary will often swing to extremetentials at the edges of the solvent window,
where it oxidizes or reduces the solvent or sumpgrelectrolyte. These electrodes, the
working, reference, and auxiliary make up the modbree electrode system. In practice it can
be very important to have a working electrode wkhown dimensions and surface
characteristics. As a result, it is common to claad polish working electrodes regularly. The
auxiliary electrode can be almost anything as lasg doesn't react with the bulk of the analyte
solution and conducts well. The reference is thetraomplex of the three electrodes, there are
a variety of standards used and its worth inveBtigaelsewhere. For non-aqueous work,
IUPAC recommends the use of the ferrocene/ferrarentouple as an internal standard. In
most voltammetry experiments, a bulk electrolytisq&known as a supporting electrolyte) is
used to minimize solution resistance. It is possitd run an experiment without a bulk
electrolyte, but the added resistance greatly resitite accuracy of the results.

32 TYPESOFVOLTAMMETRY

a) Linear sweep voltammetry
Voltammetric method in which the potential betwdbe working electrode and a reference
electrode is swept linearly in time while the catr@at a working electrode is measured is
known as linear sweep voltammetry. Oxidation aution of species is registered as a peak
or trough in the current signal at the potentialvaiich the species begins to be oxidized or
reduced.
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Potential +

Time ——=
Linear potential sweep

b) Cyclic voltammetry

Cyclic voltammetry is a type of potentiodynamic attechemical measurement. In a cyclic
voltammetry experiment the working electrode pa#ns ramped linearly versus time like
linear sweep voltammetry. Cyclic voltammetry takies experiment a step further than linear
sweep voltammetry which ends when it reaches apstntial. When cyclic voltammetry
reaches a set potential, the working electrodetenpial ramp is inverted. This inversion can
happen multiple times during a single experimerite Turrent at the working electrode is
plotted versus the applied voltage to give theicyaltammogram trace. Cyclic voltammetry is
generally used to study the electrochemical proeggedf an analyte in solution.

15

el
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Experimental setup

The method uses a reference electrode, workingretkx; and counter electrode which in
combination are sometimes referred to as a thiesrete setup. Electrolyte is usually added to
the test solution to ensure sufficient conductivithe combination of the solvent, electrolyte
and specific working electrode material determitlesrange of the potential.

Electrodes are static and sit in unstirred solgicluring cyclic voltammetry. This "still"
solution method results in cyclic voltammetry's r@dwderistic diffusion controlled peaks. This
method also allows a portion of the analyte to rienadéter reduction or oxidation where it may
display further redox activity. Stirring the solui between cyclic voltammetry traces is
important as to supply the electrode surface wiglsi analyte for each new experiment. The
solubility of an analyte can change drasticallyhwis overall charge. Since cyclic voltammetry
usually alters the charge of the analyte it is camnfor reduced or oxidized analyte to
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precipitate out onto the electrode. This layerifiguoalyte can insulate the electrode surface,
display its own redox activity in subsequent scamsat the very least alter the electrode
surface. For this and other reasons it is ofteres®ary to clean electrodes between scans.
Common materials for working electrodes includesgjacarbon, platinum, and gold. These
electrodes are generally encased in a rod of insulator with a disk exposed at one end. A
regular working electrode has a radius within adeorof magnitude of 1 mm. Having a
controlled surface area with a defined shape isomapt for interpreting cyclic voltammetry
results.

To run cyclic voltammetry experiments at high sgates a regular working electrode is
insufficient. High scan rates create peaks witlgdacurrents and increased resistances which
result in distortions. Ultramicroelectrodes carused to minimize the current and resistance.
The counter electrode, also known as the auxil@rgecond electrode, can be any material
which conducts easily and won't react with the mdkition. Reactions occurring at the counter
electrode surface are unimportant as long as itirmoes to conduct current well. To maintain
the observed current the counter electrode wikkrofoxidize or reduce the solvent or bulk
electrolyte.

C) Adsorptive stripping voltammetry
Adsorpive stripping voltammetry is similar to anodstripping voltammetry and cathodic
stripping voltammetry except that the preconcemmastep is not controlled by electrolysis.
The preconcentration step in adsorptive strippiofasmmetry is accomplished by adsorption
on the working electrode surface, or by reactioith shemically modified electrodes.

d) Differential Pulse Voltammetry

Differential Pulse Voltammetry ( Differential PeldPolarography or DPP) is often used to
make electrochemical measurements. It is considereda derivative of linear sweep
voltammetry or staircase voltammetry, with a sedesegular voltage pulses superimposed on
the potential linear sweep or stair steps. Theeaiiris measured immediately before each
potential change, and the current difference istgdioas a function of potential. By sampling
the current just before the potential is changbée, e¢ffect of the charging current can be
decreased.

By contrast, in normal pulse voltammetry the currressulting from a series of ever larger
potential pulses is compared with the current abmstant 'baseline' voltage. Another type of
pulse voltammetry is squarewave voltammetry, whielm be considered a special type of
differential pulse voltammetry in which equal tinee spent at the potential of the ramped
baseline and potential of the superimposed pulse.

The system of this measurement is usually the sasnthat of standard voltammetry. The
potential between the working electrode and theregfce electrode is changed as a pulse from
an initial potential to an interlevel potential argnains at the interlevel potential for about 5 to
100 milliseconds; then it changes to the final po#&, which is different from the initial
potential. The pulse is repeated, changing thd pogential, and a constant difference is kept
between the initial and the interlevel potentidheTvalue of the current between the working
electrode and auxiliary electrode before and dfterpulse are sampled and their differences are
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plotted versus potential

Uses
These measurements can be used to study the redparfees of extremely small amounts of
chemicals because of the following two features:

(1) In these measurements, the effect of the ch@rgurrent can be minimized, so high
sensitivity is achieved.
(2) Faradaic current is extracted, so electrodeti@as can be analyzed more precisely.

Characteristics

Differential pulse voltammetry has these charastes:

(1) Reversible reactions show symmetrical peakd,iaaversible reactions show asymmetrical
peaks.

(2) The peak potential is equal tq,&£AE in reversible reactions, and the peak current is
proportional to the concentration.

(3) The detection limit is about £oM.

€) Cathodic stripping voltammetry

Cathodic stripping voltammetry is a voltammetricthuel for quantitative determination of
specific ionic species. It is similar to the traaalysis method anodic stripping voltammetry,
except that for the plating step, the potentidietd at an oxidizing potential, and the oxidized
species are stripped from the electrode by sweethiegotential positively. This technique is
used for ionic species that form insoluble saltd ail deposit on or near the anodic, working
electrode during deposition. The stripping step bareither linear, staircase, squarewave, or
pulse

f) Anodic stripping voltammetry
Anodic stripping voltammetry is a voltammetric mathfor quantitative determination of
specific ionic species. The analyte of intereslectroplated on the working electrode during a
deposition step, and oxidized from the electrodeinduthe stripping step. The current is
measured during the stripping step. The oxidatibrspecies is registered as a peak in the
current signal at the potential at which the spebiegins to be oxidized. The stripping step can
be either linear, staircase, squarewave, or pulse.

Electrochemical Cell Set-Up

Anodic stripping voltammetry usually incorporatésee electrodes, a working electrode,
auxiliary electrode (sometimes called the countecteode), and reference electrode. The
solution being analyzed usually has an electrobdded to it. For most standard tests, the
working electrode is a mercury film electrode. Trhercury film forms an amalgam with the
analyte of interest, which upon oxidation result@isharp peak, improving resolution between
analytes. The mercury film is formed over a glasasbon electrode. A mercury drop electrode
has also been used for much the same reasonssés wvdere the analyte of interest has an
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oxidizing potential above that of mercury, or wharenercury electrode would be otherwise
unsuitable, a solid, inert metal such as silveld gor platinum may also be used.

Anodic stripping voltammetry usually incorporatestéps if the working electrode is a mercury
film or mercury drop electrode and the solutionoimporates stirring. The solution is stirred
during the first two steps at a repeatable rate flilst step is a cleaning step; in the cleaning
step, the potential is held at a more oxidizingepttl than the analyte of interest for a period
of time in order to fully remove it from the eleatie. In the second step, the potential is held at
a lower potential, low enough to reduce the anadytd deposit it on the electrode. After the
second step, the stirring is stopped, and thereldetis kept at the lower potential. The purpose
of this third step is to allow the deposited matetd distribute more evenly in the mercury. If a
solid inert electrode is used, this step is unreangs The last step involves raising the working
electrode to a higher potential (anodic), and pinig (oxidizing) the analyte. As the analyte is
oxidized, it gives off electrons which are measuwasa current.

Stripping analysis is an analytical technique thablves (i) preconcentration of a metal phase
onto a solid electrode surface or into Hg (liquat) negative potentials and (ii) selective
oxidation of each metal phase species during adiapotential sweep.

Stripping analysis has the following properties:

Very sensitive and reproducible (RSD<5%) method tface metal ion analysis in aqueous
media.

Concentration limits of detection for many metais en the low ppb to high pptrange (S/N=3)
and this compares favorably with AAS or ICP analysi

Field deployable instrumentation that is inexpeasiv

Approximately 12-15 metal ions can be analyzedipothis method.

The stripping peak currents and peak widths atsetion of the size, coverage and distribution
of the metal phase on the electrode surface (Hdtemate)

Sensgitivity
Anodic stripping voltammetry can deteog/l concentrations of analyte. This method has an
excellent detection limit (typically I8- 10° M)

+

Fotential

Time —=

Figure25; A: Cleaning stepB: Electroplating stepg;: Equilibration stepD: Stripping step
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Amperometry
Amperometry is the application of voltammetric measnents at a fixed potential to det
changes in currents as a functiorconcentration of electroactive species.

Amperometric is in principle similar to voltamme, refers to a class ditrations in which the
equivalence poins determined through measurement ofelectric currenproduced by th
titration reaction. It is a form quantitative analysis.

Chronoamperometrys an electrochemical technique in which the pa&érdgf the working
electrodeis stepped and the resulting current from faradoxz@sses occurring at the etrode
is monitored as a function of time. Limited infortim@ about the identity of the electrolyz
species can be obtained from the ratio of the meadkation current versus the peak reduc
current. However, as with all pulsed techniquesprebamprometry generates high chargi
currents, which decay exponentially with time ag B circuit. The Faradaic curre-which is
due to electron transfer events and is most oftenctirrent component of inter--decays as
described in th€ottrell equatin. In most electrochemical cells this decay is msichver thar
the charging decaycells with no supporting electrolyte are notableeptions. Since th
current is integrated over relatively longer tinmtervals, chronoamperometry gives a be
signalto noise ratio in comparison to other amperomegatinique
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Figure 2.6 Doublepulsed chronoamperometry waveform showing intedrate
region for charge determinat.

Anthracene in deoxygenatedmnethylformamidegDMF) will be reduced (An +™ -> An) at the
electrode surface that is at a certain negéeotential. The reductiowill be diffusion-limited,
thereby causing the curretat drop in time (proportional to the diffusion grawt that is formet
by diffusion).

You can do this experiment several times increasiegtrode potentials from low to high. |
between the experiments, the solution should bedt) When you meast the current i(t) at a
certain fixed time point after applying the voltage, you will see that atestain moment th
current if) does not rise anymore; you have reached the-transferlimited region. This
means that anthracene arrives as fast fusion can bring it to the electred
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40 CONCLUSION

This unit can be concluded by observing that ebdygtic methods consist of the most accurate
and sensitive instrumental techniques.The half wdictivity of analytes can be accurately
investigated by voltammetry, where current is sgsddis a function of applied potential.

50 SUMMARY
i.  Voltammetric cell consists of the working electrodeference electrode and

auxiliary electrode.

ii.  Working electrode must apply the desired potemia controlled way and facilitate
the transfer of charge to and fro the analyte.

iii. The reference electrode act as a reference in th&suming and controlling the
working electrodes potential.

iv.  The auxiliary electrode passes all the current eee¢d balance the current observed
at the working electrode quite unlike the referealeetrode.

v. Types of voltammetry studied are linear sweep walteetry,differential pulse
voltammetry,cathodic stripping voltammetry and anopeetry.

vi.  Cathodic stripping voltammetry is similar to anodicipping voltammetry,except
that for the plating step,the potential is heldaat oxidizing potential and the
oxidizing species are stripped from the electrogeweeping.

6.0 TUTOR MARKED ASSIGNMENT
Discribe the principle of voltammetry.
Distinguish between cathodic stripping voltammetngl anodic stripping voltammetry.

N =

70 REFERENCESFURTHER READING

1. Kissinger, Peter; William R. Heineman (1996-01-2&boratory Techniques in
Electroanalytical Chemistry, Second Edition, Resiaad Expande@® ed.). CRC.

2. Zoski, Cynthia G. (2007-02-07hlandbook of Electrochemistrizlsevier Science.

3. Bard, Allen J.; Larry R. Faulkner (2000-12-1B)ectrochemical Methods:
Fundamentals and Applicatiorf2 ed.). Wiley.

4. Gritzner, G.; J. Kuta (1984). "Recommendationseporting electrode potentials in
nonaqueous solventdPure Appl. Chenb6 (4): 461-466. Retrieved 2009-04-17.

5. Nicholson, R. S.; Irving. Shain (1964-04-01). "oheof Stationary Electrode
Polarography. Single Scan and Cyclic Methods ApipieeReversible, Irreversible, and
Kinetic Systems."Analytical Chemistr\6 (4): 706—723.

6. Skoog, Douglas A.; Donald M. West, F. Jameddfi@l995-08-25)Fundamentals of
Analytical Chemistry(7th ed.). Harcourt Brace College Publishers. ISBBB-005938-0.

63



MODULE 3

Unit 1 Basic Chromatography Techniques
Unit 2 Calorimetry

Unit 3 Radiochemical Method

Unit 4 Radioanalytical Separation Taghes
UNIT 1 Chromatography Techniques
CONTENT

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 History of Chromatography
3.2 Basic Chromatography Terms
3.3  Techniques by Chromatographic Bed Shape
3.3.1 Planar Chromatography
3.3.1.1 Paper Chromatography
3.3.1.2 Thin Layer Chromatography
3.3.2 Column Chromatography
3.3.2.1  Preparation of Column
3.3.2.2  Column Chromatogram Resolution @atwon
3.3.2.3  Column Adsorption Equilibrium
3.4 Displacement Chromatography
3.5  Techniques by Physical State of Mobile Phase
3.5.1 Gas Chromatography
3.5.2 Liquid Chromatography
4.0 Conclusion
5.0 Summary
6.0  Tutor Mark Assignment
7.0 Reference and Further Reading

1.0 INTRODUCTION

Chromatography (from Gree&hroma"color" andgraphein“to write") is the collective term

for a set of laboratory techniques for the sepamnadif mixtures. The mixture is dissolved in a
fluid called the "mobile phase”, which carrieshitdugh a structure holding another material
called the "stationary phase". The various contitsi of the mixture travel at different speeds,
causing them to separate. The separation is basdifferential partitioning between the
mobile and stationary phases. Subtle differencasaompound's partition coefficient result in
differential retention on the stationary phase @ changing the separation.
Chromatography may be preparative or analytica¢ giwrpose of preparative chromatography
is to separate the components of a mixture foh&rtise (and is thus a form of purification).
Analytical chromatography is done normally with $lieraamounts of material and is for
measuring the relative proportions of analytes mixture.

2.0 OBJECTIVES
By the end of this unit, students should be ahle to
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» Appreciatethe origin of chromatograp!

« Define some basic chromatography te

» Decribe basic chromatographic techniq

» State the application of various chromatographithioe:

3.1 History of Chromatography

Chromatography, literally "color writing", was ftrempoyedby Russian scientist Micha
Tswet in 1900. He continued to work with chromatograjiyhe first decade of the 20
century, primarily for the separation of plgpigments such as arophyll, carotene, and
xanthophylls Since these components have different colore(grerange, and yellov
respectively) they gave the technique its neBetween 1930s and 1940swmtypes of
chromatography emergeahdthe technique became useful for maeparation process
Archer JohrMartin PorterandRichard Laurence Millington Synghiring the 1940s and 19¢
worked extensively on chromatography techn that led to the establishmenithe principles
and basic techniques of partition chromatographg,taeir work encouraged the raj
development of several chromatographic methpaper chromatographgas chromatograpt
and what would become known high performance liquid chromatograpfAye technology
has since theadvanced rapidly. Researchers found that the nrainiples of Tswett's
chromatography could be applied in many differeaysy resulting in the different varieties
chromatography described belcSeparation of in@asingly similar molecules is made poss
due to persistence imprement it the technical perfanance of chromatograpt

3.2 Basic Chromatography Terms
* The analytas the substance to be separated during chromatwog
* Analytical chromatograpt is usel to determine the existence and the concentrafi
analyte(s) in aample
A bonded phasks a stationary phase that is covalently bondetiésupport particles
to the inside wall of the column tubil

* The visual output of the chromatograph is romatogram which consists of differe
peaks that correspond to different componentsetdparated mixtu.

Plotted on the »axis is the retention time and plotted on t-axis a signal (for examp
obtained by a&pectrophotomet, mass spectrometer a variety of other detector
corresponding to the response created by the @sadyiting the systel The signal is
proportional tote concentration of tt analyte separated.

* A chromatograplis equipment that enables a sophisticated separatp ga:
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chromatographic or liquid chromatographic sepamatio

Chromatography is a physical method of separatiomhich the components to be
separated are distributed between two phases,fomeich is stationary (stationary
phase) while the other (the mobile phase) moveasdafinite direction.

The eluate is the mobile phase leaving the column.
The eluent is the solvent that will carry the abaly
An eluotropic series is a list of solvents rankedaading to their eluting power.

An immobilized phase is a stationary phase whidmrsobilized on the support
particles, or on the inner wall of the column tuhin

The mobile phase is the phase which moves in aiteefiirection. It may be a liquid
(LC and Capillary Electrochromatography (CEC))aa ¢GC), or a supercritical fluid
(supercritical-fluid chromatography, SFC). The melphase consists of the sample
being separated/analyzed and the solvent that nibeesample through the column. In
the case of HPLC the mobile phase consists of gootar solvent(s) such as hexane in
normal phase or polar solvents in reverse phaseratagraphy and the sample being
separated. The mobile phase moves through the etognaphy column (the stationary
phase) where the sample interacts with the statygutaase and is separated.

Preparative chromatography is used to purify sigificquantities of a substance for
further use, rather than analysis.

The retention time is the characteristic time kietafor a particular analyte to pass
through the system (from the column inlet to theedr) under set conditions. The
sample is the matter analyzed in chromatographyalt consist of a single component
or it may be a mixture of components. When the damsptreated in the course of an
analysis, the phase or the phases containing tilgtas of interest is/are referred to as
the sample whereas everything out of interest segdifrom the sample before or in the
course of the analysis is referred to as waste.

The solute refers to the sample components intjperichromatography.

The solvent refers to any substance capable obsiaing other substance, and
especially the liquid mobile phase in LC.

The stationary phase is the substance which id fix@lace for the chromatography
procedure. Examples include the silica layer in thyer chromatography.

3.3 Techniques by chromatographic bed shape

3.3.1 Planar chromatography

Planar chromatography is a separation technigwéioh the stationary phase is present on a
plane. The plane can be a paper, or the paper maggregnated by a substance as the
stationary bed (paper chromatography) .It could bks a layer of solid particles spread on a
support such as a glass plate (thin layer chromapdy).Various components of the sample
mixture migrate at different rates according to rsimngly they interact with the stationary
phase as compared to the mobile phase. The spReifention factor (R of each chemical can
be used to aid in the identification of an unknasuibstance.
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3.3.1.1 Paper Chromatography

Paper chromatography is a technique used for sapgend identifying mixtures that are either
coloured or can be coloured.The secondary or pyiralors in ink can easily be separated by
this technique. This method is a powerful teachod but has been greatly replaced by thin
layer chromatography. Complex mixtures of similampounds such as amino acids can be
separated by using a two —way paper chromatogrdqgmaise known as two-dimensional
chromatography.In this method,two solvents are asetthe paper is rotated at’@an

between.

The retention factor (R is defined as the ratio of the distance travélgthe substance to the
distance traveled by the solvent. \Rilues are usually expressed as a fraction ofioimal
places .If R value of a solution is zero, the solute remainthéstationary phase and thus it is
immobile. If Rr value = 1, this implies that the solute has nmaf for the stationary phase
and travels with the solvent front. To calculate By value, take the distance traveled by the
substance divided by the distance traveled bydahast . For example, if a compound travels
1.5 cm and the solvent front travels 2.2 cm, (15/the R value = 0.68

Paper chromatography is one method for testingtinigy of compounds and identifying
substances. Paper chromatography is a useful taelbecause it is relatively quick and
requires small quantities of material.

In paper chromatography, like thin layer chromaapipy, substances are distributed between a
stationary phase and a mobile phase. The statiquiease is usually a piece of high quality

filter paper. The mobile phase is a developingtsmhuthat travels up the stationary phase,
carrying the samples with it. Components of the@anwill separate readily according to how
strongly they adsorb on the stationary phase vdrsusreadily they dissolve in the mobile
phase.

When a colored chemical sample is placed on a filper, the colors separate from the sample
by placing one end of the paper in a solvent. Theent diffuses up the paper, dissolving the
various molecules in the sample according to tHarjies of the molecules and the solvent. If
the sample contains more than one color, that mieéamsst have more than one kind of
molecule. Because of the different chemical stnestwf each kind of molecule, the chances are
very high that each molecule will have at leadightly different polarity, giving each

molecule a different solubility in the solvent. Tineequal solubilities cause the various color
molecules to leave solution at different placethassolvent continues to move up the paper.
The more soluble a molecule is, the higher it migrate up the paper. If a chemical is very
nonpolar it will not dissolve at all in a very pokolvent. This is the same for a very polar
chemical and a very nonpolar solvent.

It is important to note that when using water (eyy@mlar substance) as a solvent, the more
polar the colour, the higher it will rise on theppa
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Figure 3.1 Chromatography Tank( Paper Chromatography)

3.3.1.2 Thin layer chromatography (TLC) is a chromatography technique used to sépara
mixtures. Thin layer chromatography is performeda@heet of glass, plastic, or aluminum foil,
which is coated with a thin layer of adsorbent mateusually silica gel, aluminium oxide, or
cellulose (blotter paper). This layer of adsorlisrkinown as the stationary phase.

After the sample has been applied on the platelvaist or solvent mixture (known as the
mobile phase) is drawn up the plate via capillatyom. Because different analytes ascend the
TLC plate at different rates, separation is actdeve

Thin layer chromatography can be used to monitemptiogress of a reaction, identify
compounds present in a given mixture, and deterthi@@urity of a substance. Specific
examples of these applications include: analyzergmides and fatty acids, detection of
pesticides or insecticides in food and water, aniatythe dye composition of fibers in forensics
, assaying the radiochemical purity of radiopharmuiicals, or identification of medicinal

plants and their constituents

A number of enhancements can be made to the origiednod to automate the different steps,
to increase the resolution achieved with TLC andlimv more accurate quantization. This
method is referred to as HPTLC, or "high perforneamtC".

Plate preparation

TLC plates are usually commercially available, vatAndard particle size ranges to improve
reproducibility. They are prepared by mixing theadbent, such as silica gel, with a small
amount of inert binder like calcium sulfate (gyp9wand water. This mixture is spread as a
thick slurry on an unreactive carrier sheet, usuglhss, thick aluminum foil, or plastic. The
resultant plate is dried amdtivatedby heating in an oven for thirty minutes at 110 TGe
thickness of the adsorbent layer is typically ab0rll — 0.25 mm for analytical purposes and
around 0.5 — 2.0 mm for preparative TLC.
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Development of a TLC plate, a purple spot sepaiatesa red and blue spot.
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Figure3.2 Chromatogram of 10 essential oils coloured withilianreagent.
(http://en.wikipedia.orgkwfile:TLC-Essential-Oil.jpg)

The process is similar to paper chromatography thighadvantage of faster runs, better
separations, and different stationary phases\aiéaale for use. Because of its simplicity and
speed TLC is often used for monitoring chemicattieas and for the qualitative analysis of
reaction products.

Thin layer chromatography can be run easily ifftiilowing procedure is carried out:

A small spot of solution containing the sampleppleed to a plate, about 1.5 centimeters from
the bottom edge. The solvent is allowed to completeaporate off, otherwise a very poor or
no separation will be achieved.The plate shouldrid in a vacuum chamber especially when
a non-volatile solvent was used to apply the sample

A small amount of an appropriate solvent is pounei a suitable transparent container to a
depth of less than 1 centimeter. A strip of filb@per is put into the chamber, so that its bottom
touches the solvent, and the paper lies on the lsbamall and reaches almost to the top of the
container. The container is closed with a covesglar any other lid and is left for a few
minutes to let the solvent vapors ascend the filtgrer and saturate the air in the chamber.
The TLC plate is then placed in the chamber sottiespots of the sample do not touch the
surface of the solvent in the chamber, and thesldosed. The solvent moves up the plate by
capillary action, meets the sample mixture andesit up the plate (elutes the sample). When
the solvent front reaches no higher than the tapefilter paper in the chamber, the plate
should be removed and dried .

Separation Process

Different compounds in the sample mixture travalifferent rates due to the differences in
their attraction to the stationary phase, and b&ezaf differences in solubility in the solvent.
By changing the solvent, or perhaps using a mixtime separation of components (measured
by the R value) can be adjusted. Also, the separation gediwith a TLC plate can be used to
estimate the separation of a flash chromatographynmn.

Separation of compounds is based on the competfitine solute and the mobile phase for
binding places on the stationary phase. For instahaormal phase silica gel is used as the
stationary phase it can be considered polar. Gwercompounds which differ in polarity, the
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more polar compound has a stronger interaction thiggrsilica and is therefore more capable to
dispel the mobile phase from the binding placesisgquently, the less polar compound moves
higher up the plate (resulting in a higher Rf valdiethe mobile phase is changed to a more
polar solvent or mixture of solvents, it is mor@able of dispelling solutes from the silica
binding places and all compounds on the TLC platiemove higher up the plate. It is
commonly said that "strong" solvents (elutants)piiie analyzed compounds up the plate,
while "weak" elutants barely move them. The ordesteength/weakness depends on the
coating (stationary phase) of the TLC plate. Flicaigel coated TLC plates, the elutant
strength increases in the following order: Perfbadkane (weakest), Hexane, Pentane, Carbon
tetrachloride, Benzene/Toluene, Dichloromethanetliyi ether, Ethylacetate, Acetonitrile,
Acetone, 2-Propanol/n-Butanol, Water, Methanoleffrylamine, Acetic acid, Formic acid
(strongest). For C18 coated plates the order isrsev Practically this means that if you use a
mixture of ethyl acetate and hexane as the mobies, adding more ethyl acetate results in
higher Rf values for all compounds on the TLC pl@eanging the polarity of the mobile
phase will normally not result in reversed orderofning of the compounds on the TLC plate.
An eluotropic series can be used as a guide ictaalea mobile phase. If a reversed order of
running of the compounds is desired, an apolaiostaty phase should be used, such as C18-
functionalized silica.

Analysis

As the chemicals being separated may be colodesgral methods exist to visualize the spots:
Often a small amount of a fluorescent compoundalljsmanganese-activated zinc silicate, is
added to the adsorbent that allows the visualimaifcspots under a blacklight (Js4). The
adsorbent layer will thus fluoresce light greentbglf, but spots of analyte quench this
fluorescence.

lodine vapors are a general unspecific color reagen

Specific color reagents exist into which the TL@tplis dipped or which are sprayed onto the
plate:

Potassium permanganate — oxidation, iodine and ineam

In the case of lipids, the chromatogram may besteared to a polyvinylidene difluoride

( PVDF) membrane and then subjected to furtheryaiglfor example mass spectrometry, a
technique known as Far-Eastern blotting.

Once visible, thé&s value , or retardation factor, of each spot caddétermined by dividing the
distance the product traveled by the distanceaheest front traveled using the initial spotting
site as reference. These values depend on thensaolsed and the type of TLC plate and are not
physical constants.

Applications

As an example the chromatography of an extractedmgleaves (for example spinach) in 7
stages of development. Carotene elutes quicklyisaodly visible until step 2. Chlorophyll A
and B are halfway in the final step and luteinfiree compound staining yellow.
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Step 1 Step 3
Step4 Step 5 Step 6

Figure 3.3 Developmental Stages of Chlorophyl Extract

In one study TLC has been applied in the screeaimmgganic reactions for example in the fine-
tuning of BINAP synthesis from 2-naphthol. In thethod the alcohol and catalyst solution
(for instance iron(lll) chloride) are placed sepalgon the base line, then reacted and then
instantly analyzed.

3.3.2 Column Chromatography

Separation of a mixture and isolation of the congas in larger amounts is made possible by
chromatography on a column than by TLC. The colisrmade of glass and is packed with
particles,which constitute the stationary phaseMheure under test is placed on top of a layer
of sand on the column, and a slow stream of soltkateluant, washes the mixture through

it. The function of sand is to prevent the partiddesng disturbed by the liquid. The substance
that is the least attracted into the stationaryspha washed out at the bottom of the column
first,followed by the remaining components overeaiqd of time.

3.3.2.1 Preparation of Column
The column is prepared in the following steps:

» Place a wad of glass wool in the bottom of the tahe pour a layer of sand over
this.The sand retains fine fine particles and plswides a flat horizontal base for the
adsorbent column.

* Fill the tube with the first solvent to be used dnein add the dry adsorbent in a fine
stream shaking or tapping the tube to dislodgéwables, and draining solvent out at
the bottom to make room as needed,but keepingolliers level above the adsorbent

* When the adsorbent has settled in to a compaciregadd another layer of sand at the
top of the adsorbent to prevent disturbance othiéace where solvent is added

* Permit the solvent to drain down to just abovettpesand layer.Note that the adsorbent
column must be kept covered with solvent during the
chromatography,otherwise,channels and cracks esmébbp

» Dissolve the sample in a minimum volume of soleemd add the solution to the
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solution to the column with a pipet and bulb.Allthve solution to drain onto the column
and immediately add more solvent.

In 1978, W. C. Still introduced a modified versioihcolumn chromatography called flash
column chromatography (flash). The technique iy w@mnilar to the traditional column
chromatography, except for that the solvent isatrithrough the column by applying positive
pressure. This allowed most separations to be o€ in less than 20 minutes, with improved
separations compared to the old method. Moderh ftasomatography systems are sold as pre-
packed plastic cartridges, and the solvent is puhtipe@ugh the cartridge. Systems may also be
linked with detectors and fraction collectors pag automation. The introduction of gradient
pumps resulted in quicker separations and lesesblsage.

In expanded bed adsorption, a fluidized bed is usgder than a solid phase made by a packed
bed. This allows omission of initial clearing steqpgh as centrifugation and filtration, for
culture broths or slurries of broken cells.

Figure3.4 Typical set up for manual column chromatography.

3.3.2.2 Column Chromatogram Resolution Calculation

Typically, column chromatography is set up withigiltic pumps, flowing buffers and the
solution sample through the top of the column. 3blations and buffers pass through the
column where a fraction collector at the end ofdbkimn setup collects the eluted samples.
Prior to the fraction collection, the samples #uat eluted from the column pass through a
detector such as a spectrophotometer or mass apetar so that the concentration of the
separated samples in the sample solution mixturdealetermined.

For example, if you were to separate two diffeqmoateins with different binding capacities to
the column from a solution sample, a good typeatéctor would be a spectrophotometer using
a wavelength of 280 nm. The higher the concentnadfgprotein that passes through the eluted
solution through the column, the higher the absarbaf that wavelength.

Because the column chromatography has a constantfi eluted solution passing through the
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detector at varying concentrations, the detectastmlot the concentration of the eluted sample
over a course of time. This plot of sample coneditan versus time is called a chromatogram.
The ultimate goal of chromatography is to sepaiéferent components from a solution
mixture. The resolution expresses the extent ddirsdjon between the components from the
mixture. The higher the resolution of the chroma&og, the better the extent of separation of
the samples the column gives. This data is a gadok determining the column’s separation
properties of that particular sample. The resotutian be calculated from the chromatogram.
The separate curves in the diagram represent @iffesample elution concentration profiles
over time based on their affinity to the columnime3o calculate resolution, the retention time
and curve width are required.

The time from the start of signal detection by dle¢ector to the peak height of the elution
concentration profile of each different samplealiex retention time while the width of the
concentration profile curve of the different sansgle the chromatogram in units of time is
known as curve width.

A simplified method of calculating chromatogramalesion is to use the plate model. The plate
model assumes that the column can be divided iotrtain number of sections, or plates and
the mass balance can be calculated for each indivmlate. This approach approximates a
typical chromatogram curve as a Gaussian distobuturve. By doing this, the curve width is
estimated as 4 times the standard deviation oftinee, 4. The retention time is the time from
the start of signal detection to the time of thakpkeight of the Gaussian curve.

From the variables in the figure above, the resmhytplate number, and plate height of the
column plate model can be calculated using theteamsa

Resolution (B

Rs = 2(ke — ra)/(Wg + Wa)

Where:

tre = retention time of solute, Bt = retention time of solute A

wg = Gaussian curve width of solute B ang wwGaussian curve width of solute A

Plate Number (N):

N = (t&)7/(w/4)*

Plate Height (H):

H=L/N

Where L is the length of the column.

3.3.2.3 Column Adsorption Equilibrium

For an adsorption column, the column resin (theastary phase) is composed of microbeads.
Even smaller particles such as proteins, carbolgslranetal ions, or other chemical
compounds are conjugated onto the microbeads. lEading particle that is attached to the
microbead can be assumed to bind in a 1:1 ratio thi solute sample sent through the column
that needs to be purified or separated.

Binding between the target molecule to be sepamateddhe binding molecule on the column
beads can be modeled using a simple equilibriurcticraKeq = [CS]/([C][S]) where Kqis the
equilibrium constant, [C] and [S] are the conceaindres of the target molecule and the binding
molecule on the column resin, respectively. [CSh&concentration of the complex of the
target molecule bound to the column resin.

Using this as a basis, three different isothernmsbeaused to describe the binding dynamics of
a column chromatography: linear, Langmuir, and Rdéah.
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The linear isotherm occurs when the solute conagatr needed to be purified is very small
relative to the binding molecule. Thus, the equilibn can be defined as:

[CS] = KedCl.

For industrial scale uses, the total binding mdieson the column resin beads must be
factored in because unoccupied sites must be fake@account. The Langmuir isotherm and
Freundlich isotherm are useful in describing tlggibrium. Langmuir Isotherm:

[CS] = (KecSod C])/(1 + Ked C]), where &y is the total binding molecules on the beads.
Freundlich Isotherm:

[CS] = KedC] ™"

The Freundlich isotherm is used when the columnbiach to many different samples in the
solution that needs to be purified. Because theyrd#ferent samples have different binding
constants to the beads, there are many differeqisK&herefore, the Langmuir isotherm is not
a good model for binding in this case.

3.4 Displacement chromatography

A molecule with a high affinity for the chromataghy matrix will compete effectively for
binding sites, and thus displace all molecules Vasiser affinities. There are distinct
differences between displacement and elution chtognaphy. In elution mode, substances
typically emerge from a column in narrow, Gausganks. Wide separation of peaks,
preferably to baseline, is desired in order to @odimaximum purification. The speed at which
any component of a mixture travels down the columelution mode depends on many factors.
But for two substances to travel at different speedd thereby be resolved, there must be
substantial differences in some interaction betwberbiomolecules and the chromatography
matrix. Operating parameters are adjusted to maerfe effect of this difference. In many
cases, baseline separation of the peaks can bevadhonly with gradient elution and low
column loadings. Thus, two drawbacks to elution enodromatography, especially at the
preparative scale, are operational complexity, tdwgadient solvent pumping, and low
throughput, due to low column loadings. Displacenoémomatography has advantages over
elution chromatography in that components are vesbinto consecutive zones of pure
substances rather than “peaks”. Because the prtalessadvantage of the nonlinearity of the
isotherms, a larger column feed can be separatedgoren column with the purified
components recovered at significantly higher cotre¢ions.Historically, displacement
chromatography was applied to preparative sepaimtbamino acids and rare earth elements
and has also been investigated for isotope separati

3.5 Techniques by physical state of mobile phase

3.5.1 Gas chromatography (GC)

Gas chromatography (GC) is a common type of chtognaphy used in analytical chemistry
for separating and analyzing compounds that caraperized without decomposition. Typical
uses of GC include testing the purity of a parac@ubstance, or separating the different
components of a mixture (the relative amounts ochstomponents can also be determined). In
some situations, GC may help in identifying a coomub In preparative chromatography, GC
can be used to prepare pure compounds from a raixtur

In gas chromatography, tineobile phas€or "moving phase") is a carrier gas, usuallyreerti
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gas such as helium or an unreactive gas suchrageit. Thestationary phasés a microscopic
layer of liquid or polymer on an inert solid suppanside a piece of glass or metal tubing
called a column (an homage to the fractionatingmowl used in distillation). The instrument
used to perform gas chromatography is callgdsachromatograplor "aerograph”, "gas
separator").

The gaseous compounds being analyzed interacthativalls of the column, which is coated
with different stationary phases. This causes eaatpound to elute at a different time, known
as theretention timeof the compound. The comparison of retention timeghat gives GC its
analytical usefulness.

Gas chromatography is in principle similar to coluahromatography (as well as other forms
of chromatography, such as HPLC, TLC), but hasrs¢vetable differences. Firstly, the
process of separating the compounds in a mixturarised out between a liquid stationary
phase and a gas mobile phase, whereas in coluramatwgraphy the stationary phase is a
solid and the mobile phase is a liquid. (Hencefttlename of the procedure is "Gas-liquid
chromatography”, referring to the mobile and staiy phases, respectively.) Secondly, the
column through which the gas phase passes is thaatn oven where the temperature of the
gas can be controlled, whereas column chromatogréappically) has no such temperature
control. Thirdly, the concentration of a compoundhe gas phase is solely a function of the
vapor pressure of the gas.

Gas chromatography is also similar to fractionatitfation, since both processes separate the
components of a mixture primarily based on boifiognt (or vapor pressure) differences.
However, fractional distillation is typically uséal separate components of a mixture on a large
scale, whereas GC can be used on a much smaller(seamicroscale).

Gas chromatography is also sometimes known as y@pwe chromatography (VPC), or gas—
liquid partition chromatography (GLPC). These altdive hames, as well as their respective
abbreviations, are frequently found in scientifiedature. Strictly speaking, GLPC is the most
correct terminology, and is thus preferred by mauathors.

GC analysis

A gas chromatograph is a chemical analysis instnifog separating chemicals in a complex
sample. A gas chromatograph uses a flow-througtowailube known as theolumn through
which different chemical constituents of a sam@egin a gas stream (carrier gasbile

phase¢ at different rates depending on their variouswical and physical properties and their
interaction with a specific column filling, calléde stationary phaseAs the chemicals exit the
end of the column, they are detected and identéledtronically. The function of the stationary
phase in the column is to separate different corapts) causing each one to exit the column at
a different time iletention timg. Other parameters that can be used to alterrttex or time of
retention are the carrier gas flow rate, colummterand the temperature.

In a GC analysis, a known volume of gaseous oidignalyte is injected into the "entrance"
(head) of the column, usually using a microsyrit@e solid phase microextraction fibers, or a
gas source switching system). As the carrier geepw/the analyte molecules through the
column, this motion is inhibited by the adsorptadrthe analyte molecules either onto the
column walls or onto packing materials in the catumhe rate at which the molecules progress
along the column depends on the strength of adsarpthich in turn depends on the type of
molecule and on the stationary phase materialseStach type of molecule has a different rate
of progression, the various components of the amahyxture are separated as they progress

75



along the column and reach the end of the colundiffarent times (retention time). A detector
is used to monitor the outlet stream from the caluthus, the time at which each component
reaches the outlet and the amount of that comparambe determined. Generally, substances
are identified (qualitatively) by the order in whithey emerge (elute) from the column and by
the retention time of the analyte in the column.

Sample
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Figure3.5 Schematic diagram of a gas chromatograph

Component of a gas chromatograph

Thechoice of carrier gas (mobile phaskis important, with hydrogen being the most eéiti
and providing the best separation. However, hehas a larger range of flow rates that are
comparable to hydrogen in efficiency, with the atlddvantage that helium is non-flammabile,
and works with a greater number of detectors. Thezghelium is the most common carrier
gas used.

Detectors

Detectors are the flame ionization detector (FIBJ the thermatonductivitydetector (TCD).
Both are sensitive to a wide range of componemnis bath work over a wide range of
concentrations. While TCDs are essentially unileasd can be used to detect any component
other than the carrier gas (as long as their thiecoraductivities are different from that of the
carrier gas, at detector temperature), FIDs arsitbem primarily to hydrocarbons, and are more
sensitive to them than TCD. However, an FID camsdéct water. Both detectors are also quite
robust. Since TCD is non-destructive, it can berateel in-series before an FID (destructive),
thus providing complementary detection of the samedytes.

Other detectors are sensitive only to specific $ypiesubstances, or work well only in narrower
ranges of concentrations. Some gas chromatograplt®anected to a mass spectrometer
which acts as the detector. The combination is knasvGC-MS. Some GC-MS are connected
to an NMR spectrometer which acts as a backup wetéichis combination is known as GC-
MS-NMR. Some GC-MS-NMR are connected to an infrasgelctrophotometer which acts as a
backup detector. This combination is known as GGMWMR-IR. It must, however, be stressed
this is very rare as most analyses needed canrtmuced via purely GC-MS.
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3.5.2 Liquid chromatography

Liquid chromatography (LC) is a separation techeiquwhich the mobile phase is a liquid.
Liquid chromatography can be carried out eithea column or a plane. Present day liquid
chromatography that generally utilizes very smattipng particles and a relatively high
pressure is referred to as high performance lignrdmatography (HPLC).

In HPLC the sample is forced by a liquid at higegsure (the mobile phase) through a column
that is packed with a stationary phase composaudenfularly or spherically shaped particles, a
porous monolithic layer, or a porous membrane. HiRLKstorically divided into two different
sub-classes based on the polarity of the mobilesgatbnary phases. Methods in which the
stationary phase is more polar than the mobile @l&g. toluene as the mobile phase, silica as
the stationary phase) are termed normal phaselluiomatography (NPLC) and the opposite
(e.g. water-methanol mixture as the mobile phaskeGi8 = octadecylsilyl as the stationary
phase) is termed reversed phase liquid chromatbgrdPLC). Ironically the "normal phase"
has fewer applications and RPLC is therefore usediderably more.

3.6  Affinity Chromatography

Affinity chromatography is a method of separatimgchemical mixtures and based on a highly
specific interaction such as that between antigehaatibody, enzyme and substrate, or
receptor and ligand.

Principle

The immobile phase is typically a gel matrix, oftd agarose; a linear sugar molecule derived
from algae. Usually the starting point is an unaledi heterogeneous group of molecules in
solution, such as a cell lysate, growth mediumloodb serum. The molecule of interest will
have a well known and defined property which caex@oited during the affinity purification
process. The process itself can be thought of @nttapment, with the target molecule
becoming trapped on a solid or stationary phaseemtium. The other molecules in solution
will not become trapped as they do not possesptbigerty. The solid medium can then be
removed from the mixture, washed and the targeeoubd released from the entrapment in a
process known as elution. Possibly the most comuserof affinity chromotography is for the
purification of recombinant proteins.

Batch and column setup

Binding to the solid phase may be achieved byroaleghromatography whereby the solid
medium is packed onto a column, the initial mixture through the column to allow setting, a
wash buffer run through the column and the elubiofier subsequently applied to the column
and collected. These steps are usually done ateatniessure. Alternatively binding may be
achieved using a batch treatment, by adding thialimnixture to the solid phase in a vessel,
mixing, separating the solid phase (for exampknaoving the liquid phase, washing, re-
centrifuging, adding the elution buffer, re-centging and removing the eluate.

Sometimes a hybrid method is employed, the bindirpne by the batch method, then the
solid phase with the target molecule bound is pack#o a column and washing and elution
are done on the column.

A third method,expanded bed adsorption, which combthe advantages of the two methods
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mentioned above, has also been developed. The@wike particles are placed in a colt
where liquid phase is pumped in from the bottom exits at the top. The avity of the
particles ensure that the solid phase does notrexitolumn with the liquid phat

Affinity columns can be eluted by changing the @sirength through a gradient. £
concentrations, pH, pl, charge and ionic strengthall be used tceparate or form the gradie
to separate.

Aukd mixiure to column, N
Discard flow through. | Add mistuce 10 batch 1o band

target molecule.,

' ; 1

Remove mixure,

Add wash to column. B
Discard fow through.

i i '
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oy < Remove wash buffer

Retain Flow through. —”
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— [ i Addd ehution buller
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Pl /'l = arkl retain
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Batch chromatography

Affinity chromatography can be used
e Purify and concentrate a substance fr
* Reduce the amount of a substarn a mixture
» Discern what biological compounds bind to a paticsubstanc
* Purify and concentrate an enzyme solu

3.7  Size-exclusion chromatography (SEC)

This is a chromatographioethod in which molecules in solution are separbtetheir size
and in some casesolecular weigh It is usually applied to large moleculesmacromolecula
complexes such as proteins and industrial polynigagically, when an aqueous solutior
used to transport the sample through the columntdblenique is known egel-filtration
chromatography, versus the nan Gel permeation chromatograptwhich is used when ¢
organic solvent is used as a mobile phase. SEQvidely usei polymer characteration
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method because of its ability to provide gimolar mass distributiomesults for polymer

Applications

The main application of gdikration chromatography is tHractionationof proteins and othe
watersoluble polymers, while gel permeation chromatolgyap used to analyze the molect
weight distribution of organisoluble polymers. Either technique should not bdfused with
gel electrophoresjsvhere an electric fielts used to "pull” or "push™ molecules through the
depending on their electrical char

Advantages

The advantages of this method include good separafilarge molecules from the sm
molecules with a minimal volume of eluate, and traious soltions can be applied witho
interfering with the filtration process, all whipgeserving the biological activity of the partic
to be separated. The technique is generally cordhinin others that further separate moleci
by other characteristicsysh as acidity, basicity, charge, and affinity ¢ertain compound:
With size exclusion chromatography, there are stwdtwel-defined separation times a
narrow bands, which lead to good sensitivity. Ther@so no sample loss because solute
not interact with the stationary phase. Disadvantagesfor example, that only a limit
number of bands can be accommodated because #edate of the chromatogram is sh
and, in general, there has to be a 10% differemoaalecular mass to hav good resolutior

3.8  lon-exchange chromatography

lon-exchange chromatogray (orion chromatographyis a process that allows the separa
of ions and polar moleculdmsed on their charge. It can be used for almgskia of chargec
molecule including largprotein:, small nucleotides and amino acid$ie solution to b
injected is usually calledsampli, and the individually separated components aled
analytes It is often used in protein purification, wateradysis, and quality contr

Principle

lon-exchange chromatography ret: analytemolecules on the column basedcoulombic
(ionic) interactions. The stationary phase surfdisplays ionic functional groups -X) that
interact with analyte ions of opposite charge. T of chromatography is further subdivic
into cation exchange chromatography and anion exchdmgenatography. The ion
compound consisting of the cationic species M+taedanionic species- can be retained k
the stationary phase.

Cation exchange chromatography retains positivielyrgedcationsbecause the statione
phase displays a negatively charged functionalm

RX C"+M'B =2 RRX"M" + C" + B~

Anion exchange chromatography retains anions ysasgively charged functional grot
R-XTA™ + M"B™ =2 RX'B™ — M*" + A~

Note that the ion strength of either C+ ¢- in the mobile phase can be adjuste shift the
equilibrium position and thus retention tit

The ion chromatogram shows a typical chromatogrbtained with an anion exchan
column.
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Figure3.6  Metrohm 850 lon chromatography system

A sample is introduced, either manually or withaartosampler, into a sample loop of known
volume. A buffered aqueous solution known as théitaghase carries the sample from the
loop onto a column that contains some form of stetiy phase material. This is typically a
resin or gel matrix consisting of agarose or cebel beads with covalently bonded charged
functional groups. The target analytes (anionsations) are retained on the stationary phase
but can be eluted by increasing the concentrati@nsimilarly charged species that will
displace the analyte ions from the stationary phaseexample, in cation exchange
chromatography, the positively charged analytedde! displaced by the addition of positively
charged sodium ions. The analytes of interest tingst be detected by some means, typically
by conductivity or UV/Visible light absorbance.

In order to control an IC system, a chromatogragdiya system (CDS) is usually needed. In
addition to IC systems, some of these CDSs cancalstol gas chromatography (GC) and
HPLC

Preparative-scale ion exchange column used foeprgurification.

Proteins have numerous functional groups that eae both positive and negative charges. lon
exchange chromatography separates proteins acgdadtheir net charge, which is dependent
on the composition of the mobile phase. By adjgstive pH or the ionic concentration of the
mobile phase, various protein molecules can beratgzh For example, if a protein has a net
positive charge at pH 7, then it will bind to awwoin of negatively-charged beads, whereas a
negatively charged protein would not. By changimg pH so that the net charge on the protein
IS negative, it too will be eluted.

Elution by changing the ionic strength of the melghase is a more subtle effect - it works as
ions from the mobile phase will interact with tinennobilized ions in preference over those on
the stationary phase. This "shields" the statiopéigse from the protein, (and vice versa) and
allows the protein to elute.

3.9 High-PerformanceLiquid Chromatography (HPLC)

Introduction
A form of column chromatography in which the mehphase is a liquid material is called
High-performance liquid chromatography (HPLC).Sepian of mixture is achieved by
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differential distribution of the sample componelnétween the stationary and the mobile
phase.HPLC is now a highly developed techniqueaawtte range of stationary phases are
available. These enable partition,gel permeatiinjaf and ion exchange chromatography to
be performed is conjuction with the HPLC.For effeetseparation,it is essential to have a very
small and regular shaped support media, a supptyobiile phase pumped at a presure that is
adequate to give suitable constant flow rate thinahg column and a convenient efficient
detector system. HPLC instruments consist of a'vegeof mobile phase, a pump, an injector,
a separation column, and a detector. Compoundsepeagated by injecting a plug of the sample
mixture onto the column. The different componentthie mixture pass through the column at
different rates due to differences in their pastithg behavior between the mobile liquid phase
and the stationary phase.

I nstrumentation

The solvent reservoir,pump,chromatographic colam oven,detector unit, and amplifier and
signal processing unitor recorder are the fiveamepmponents of HPLC instrument.

Solvents must be degassed to eliminate formatidoubbles. The pumps provide a steady high
pressure with no pulsating, and can be programmedrly the composition of the solvent
during the course of the separation. The liquid@ans introduced into a sample loop of an
injector with a syringe. When the loop is filletigtinjector can inject the sample into the
stream by placing the sample loop in line withtha@bile phase tubing. The presence of
analytes in the column effluent is recorded by clatg a change in refractive index,

UV-VIS absorption at a set wavelength, fluoresceafter excitation with a suitable
wavelength, or electrochemical response. Mass gpeeters can also be interfaced with liquid
chromatography to provide structural information &elp identify the separated analytes.

Chioce of column packing

A wide range of column materials have been devedpeelecting a column material for the
separation of a specific substance it is necegsargnsider the physical characteristic of the
molecule.The column packing for an ionic specieusthde an ion exchange reins,while for
molecule with moderate polarity adsorption colunaclpng is the right choice.But for the
separation of large molecules,gel permeation shioelldonsidered.

The mobile phase

The liquid which can be used for for HPLC separatitay consist of water,aqueous buffer
solutions, organic solvents such as methanol,adgle,etc. All solvents should be of utmust
purity,dust free and above all ,should be free feom gaseous impurity.
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Figure 3.7; Schematic of an HPLC instrument

Column

The column for analytical HPLC are typically 10-2btong and 4-6mm internal diameter.The
columns are made of stainless steel to cope wilogierating high pressure.lt also lined with
glass internally to prevent metal catalysis ofsblent-solute reactions.

Detectors
The choice of detector is governed by the propedfehe solute and sensitivity required for
the analysis.Various types of detectors are usétPibC for the detection of eluted
solute.These are classified as:
« Detectors which monitors a specific property of sokute,e.g. UV absorbance and
fluorescence.

» Detecting system which monitors a bulk propertyhef eluant,e.g. refractive index.

» Detectors which function by separating the solfeorh the eluant,e.g flame
ionization(FID) or mass spectrometry(MS) detectors.

Application
HPLC is used for both qualitative and quantitaBwalysis of variety of substances,such as
drugs, pesticides,herbicides,vitamins,natural pctsjatc.

40 CONCLUSION
In conclusion, we can say the differential ratenigration of components of a mixture on an
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adsorbent material over the influence of the magblilase is the basic principle of
chromatographic separation.

5.0
I

Vi.

Vii.

viii.

6.0

hown

7.0

SUMMARY

Chromatography is a separation technique whiclaset on the differential rate of
migration of components of a mixture on an adsarbear the influence of the mobile
phase. Separation is based on differential pantiigp between the mobile and stationary
phase.

Chromatography may be preparative or analyticatp&ative if it is designed for
separation/purification of components of a mixtimefurther use whereas analytical
chromatography involves the use of smaller amoohisaterial purely for measuring
the relative proportions of analytes.

Various types of chromatographic techniques wardistl ranging from planar, column,
displacement, affinity, size —exclusion, ion exap@and gas chromatography.

In displacement chromatography, molecules with lafjimity for the chromatography
matrix competes effectively for binding sites, dhds displace all molecules with lesser
affinities.

Chromatography on a column of adsorbent provideeans of separation of mixture
and isolation of components in larger amount tlsgmoissible in TLC.

Displacement chromatography has advantages ovsrelthromatography in that
components are resolved into consecutive zonearefgubstances rather than peaks.
Substances that can be vaporized without deconposite separated and analyzed
using gas chromatography.

lons and polar molecules are separated based wrchiaege in ion-exchange
chromatography.

TUTOR MARKED ASSIGNMENT

Write short notes on the followings:

i) Chromatography ii)Chromatogram i@ention time iv) Stationery phase
Describe the basic principle of ion-exchange clatmgraphy

Differentiate between thin layer chromatography eoldimn chromatography.
List any four uses of affinity chromatography
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UNIT 2 CALORIMETRY

1.0 INTRODUCTION

The science of measuring the heat of chemicaliceacor physical changes using a calorimeter
is known as calometry.Scottish physician and serdioseph Black, who was the first to
recognize the dissimilarity between heat and teatipee, is said to be the founder of
calorimetry.In this unit,we discuss calorimetrichaiques and their applications.

20 OBJECTIVE
» Define the term calorimetry
» Explain the principle of differential scanning cafoetry
» Describe the principle of differential thermal arsa$
* Enumerate the applications of differential scanraalprimetry

30 MAINTEXT

3.1 CALORIMETRY

Calorimetry is the quantitative measurement ofttbat absorbed or evolved during a chemical
process.Calorimetry as the name implies is derivesh two English loan words:color(Latin
word) meaning heat,and Greek metry meaning to mea#\ll calorimetric techniques are
primarily based on the measurement of heat that maye
generated(exothermicprocess),consumed(endotheomsinply dessipated by a sample.

There are numerous techniques that have been gedefor heat measurement ranging from
simple thermometric(temperature measurement) methoda more recently advances in
electronics and control,which enables users toecblidata and maintain samples under
conditions that were previously not possible.

3.2 Calorimeter
The property of an object when heat is transfetoatlis that of temperature increase, similarly
when heat is removed from an object,the temperatuseich object decreases.The relationship
between heat transferred and change in temperedarbe appreciated by the equation below:
q=cDbT=C(T, -T,)
Where q is the heat that is transferred

DT is the change in temperature

C is the proportionality constant othise known as heat capacity
Calorimeter is an instrument used to measure thedfeeaction during a well defined process.
It can be simple and cheep or sophisticated an@resipe.The calorimeter consists of well
insulated container and reaction initiated and temajoure difference before and after reaction
measured.
It is important to note that a calorimeter can Iperated under constant pressure,or constant
volume.
The heat capacity of a calorimeter is definedhesamount of heat required to change the
temperature of the entire calorimeter by one degtee heat capacity of the calorimeter is
determined by transfering a known amount of he&b ih and measuring its temperature
rise.The temperature differences are usually venalls consequently extreme sensitive
thermometers are required for these measurements.
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3.3 Differential Scanning Calorimetry

Differential scanning calorimet(DSC) is a thermoanalytical technigurewhich the differenc:
in the amount of heat requir to increase the temperatuoé a sample and reference
measured aa function of temperature. Both the sample andreefse are maintained at nea
the same temperature throughout the experimentei@iy the temperature program for a D
analysis is designed such that the sample holdepdeature increases linearls a function of
time. The reference sample should have a-defined heat capacitpver the range c
temperatures to be scanned.

The first adiabatic differential scanning calorierethat could be used in biochemistry v
developed by P.L. Prival and DR. Monaselidze in 1964 he term DSC was coined
describe this instrument which measures energ\cttirand allows precise measurement:
heat capacity.

3.3.1 Detection of phasetransitions

The basic principle of th technique is that when the sample undergoes a qat
transformation such ashase transitions, mc or less heatflow to it than the reference
maintain both at the samentperature. The amount of I flows into the sampleessentially
depends on wltker the procesis exothermic or endothermiBy comparin: the difference in
heat flow between the sample and reference, diffedescanningcalorimeters ai able to
measure the amount of heat absorbed or releasedgdsmch trantions For example, a
melting solid sample requiresore heat flow through it so thats temperatur increases at the
same rate as the reference. " is an endothermiphase transition from solid to liqu hence
heat is absorbed. iBilarly, as the sample undergoes exothernprocesses (such
crystallization) less heat igequired to raise thsample temperaturelt is widely used ir
industrial settings as a quality control instrumdoe to its applicability in evaluating sam
purity and for studying polymer curir

3.3.2 Differential Thermal Analysis(DTA)

Another techniquewhich is closely related DSC, isdifferential thermal analysis (DT). The
heat flowto the sample and referenc the same rather than the temperatidentically phase
changes and other @imal processes brings abca difference in temperature between
sample and referen@s soon as the sample and reference are heategdttant to note th:
DSC measures the energy required to keep bothetleeence and the sample at the s
tempeature whereas DTA measures the difference in teamtyer between the sample and
reference when they are both put under the sante

A graph/curve of heat flux versus temperature etiis plotted with data generated fror
DSC experiment.This curve usefu in calculating enthalpies of transitions by integrg the
peak corresponding to a given transition.Entalpirarisition is given by the equation bel:

AH=KA

where A His the enthalpy of transitiol

Kis the calorimetric constant, &

Ais the areaunder the curve. The caloretric constanttan be determined by analyzing
well-characterized sample with known enthalpies of ttims
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Applications

Differential scanning calorimetry can be used tonitar fusion and crystallization events as
well as glass transition temperatures. DSC can hésaised to study oxidation and other
chemical reactions.

As the temperature of an amorphous solid is ineeagass transition may occur and is in the
real sense not a phase change but essentiallypdimaihge in heat capacity.

An amorphous solid tends to become less viscouthe@gemperature increases.At a certain
temperature(otherwise known as the crystallizatemperature ,Tc) the molecules become
more mobile which consequently led to a spontanaoasgement into crystalline form.

This transition from amorphous solid to crystalls@id is an exothermic process, and results in
a peak in the DSC signal. As the temperature iseedhe sample eventually reaches its
melting temperaturerl(,). The melting process results in an endothermad e the DSC curve.
The ability to determine transition temperatured anthalpies makes DSC a valuable tool in
producing phase diagrams for various chemical syste
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Figure 3.8 Top: A schematic DSC curve of amount of energutirfy) required to maintain
each temperature (x), scanned across a range opdemtures. Bottom: Normalized curves
setting the initial heat capacity as the referenBaffer-buffer baseline (dashed) and protein-
buffer variance (solid).

Polymers

The composition of a polymer can be examined UBIE( .

Melting points and glagsansition temperatures for most polymers are aféel from standard
compilations, The degradation of a polymer is ¢atikd by the lowering of the expected
melting point, Tm, and hence the experimental meglfpoint and glass transition temperature
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for any polymer is compared with those availableairthart of standard compilations. Tm
depends on the molecular weight of the polymer Wwhioplies that lower grades will have

lower melting points than expected. The percentagstallinity of a polymer can be found

from the crystallization peak of the DSC graph sitize heat of fusion can be calculated from
the area under an absorption peak. Impurities ignpers can be determined by examining
thermograms for anomalous peaks, and plasticisans be detected at their characteristic
boiling points.

Liquid Crystals

Matter may change from solid to liquid through adhstate in which the properties of both
phases are well displayed.This anisotropic liqusd known as a liquid crystalline or
mesomorphous state.The energy changes(though stmailoccur as matter coverts from a
solid to liquid crystal and from a liquid crysta &n isotropic liquid can be monitored using
DSC.Liquid crystals therefore are a state of maitteth properties between those of
conventional liquid and those of solid crystalsuid) crystals depend markedly on
temperature,concentration as well as inorganicyocggomposition ratio.

Oxidative Stability

Differential scanning calorimetry can be used talgtthe stability to oxidation of samples in
an airtight sample chamber. The sample is firsugpnd to the desired test temperature under an
inert atmosphere, usually nitrogen.Subsequentlygen is added to the system and oxidation is
expected to occur.If this happens.it is viewed dgwation in the baseline. This analysis have
been used to determine the stability and optimuarage conditions for a material or
compound.

Drug Analysis

DSC is extensively used in the polymer and phaeu@cal industries. DSC is a versatile tool
for a polymer chemist in studying curing processesich is delibrate efforts aimed at fine
tuning of polymer properties. The polymer molecutesss-linked exothermically during the
curing process resulting in a positive peak in8C curve that usually appears soon after the
glass transition.

It is desirable to have well-characterized drug pounds in order to define processing
parameters In the pharmaceutical industry it. Bangple, drugs should be delivered in the
amorphous form, it is necessary to process the dtuggmperatures below those at which
crystallization can occur.

General Chemical Analysis

Freezing-point depression can be used as a purdlysis tool when analysed by Differential
scanning calorimetry. This is possible becauseteéhgerature range over which a mixture of
compounds melts is dependent on their relative asolConsequently, less pure compounds
will exhibit a broadened melting peak that begin®aer temperature than a pure compound

Food Science
In food science research, DSC is used in conjunatith other thermal analytical techniques to
determine water dynamics. Changes in water didgtdbumay be correlated with changes in
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texture. Similar to materials science studies gifiects of curing on confectionery products can
also be analyzed.

40 CONCLUSION

In conclusion we can say that the heat change gmaoymg chemical reactions is studied
using a calorimeter and differential scanning dadetry find usefulness in the determination of
water dynamics in food science, oxidation stabiityeactions and in drug analysis.

50 SUMMARY

i.  The quantitative measurement of heat loss or gagnrapanying chemical reaction
or physical process highlights the concept of cadetry.

ii.  The heat capacity of a calorimeter is defined asaifmount of heat energy required
to change the temperature of a calorimeter by egeez.

lii.  Differential scanning calorimetry is a thermoanalgt technique that uses the
differences in the amount of heat energy requimngagbabout a rise in temperature
of a sample reference which is measured as a mofitemperature.

iv.  Liquid crystals are a state of matter with promsrtbetween those of conventional
liguid and those of solid crystals. Liquid crystatkepend on temperature,
concentration as well as inorganic-organic compmsitatio.

v. Differential scanning calorimetry has various apgiions ranging from studying
oxidation stability of reactions, polymer compasitj curing processes of polymers,
drug analysis, and determination of water dynararasngst others.

6.0 TUTOR MARKED ASSIGNMENT

1 Define the term calorimetry
2 Briefly explain the principle of differential scaimg calorimetry
3 Enumerate three applications of differential scagraalorimetry
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UNIT 3: RADIOCHEMICAL METHODS

CONTENT
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3.3.2 Solid-State Detectors
3.3.3 Scintillation Detectors
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1.0 INTRODUCTION

Radioanalytical chemistry focuses on the analy$isample for their radionuclide content.
Various methods are employed to purify and identifg radioelement of interest through
chemical methods and sample measurement techniques.

2.0 OBJECTIVES
At the end of this unit,students should be able to

» describe the history and application of radioanedytchemistry
« differentiate between alpha, beta and gamma rays

» explain basic principles of some radiation detector

» describe radioanalytical chemical principles

3.0 MAINCONTENT
3.1  History and Application

Marie Curie originally developed the field of radmalytical chemistry, however, Ernest
Rutherford and Frederick Soddy made tangible doution to this field of study.They
developed separation and radiation measurementnitpe@s on terrestrial radioactive
substances. Since Curie's time, The applicationgadfoanalytical chemistry have since
proliferated and recently , researchers have appémistry as well as nuclear procedures to
elucidate nuclear properties and reactions, uséidaetive substances as tracers, and measure
radionuclides in many different types of samples.

The applications of radioanalytical chemistry ir#u forming and characterizing new
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elements, determining the age of materials, andtioge radioactive reagents for specific tra
use in tissues and organs.

3.2  Interaction of radiation with matter

The detection and measurement of radionuclidesaislynbased on observing the emitted r
or particles. Sombasic understanding of the interaction of thesessioms with other materia
is important not only for dealing with radiation teetors bl for discussing problems
radiation protection.

Interaction with matter involves a transfer of eyyeto atoms animolecules. Thi interaction
can cause ionization or excitation both. Theinteraction depends on the t' of particles or
photons and energgf radiation as well as on the propertiesmatter. The thicness of a
radiatir;)?n absorbing material of interest and is given in surface density or \ejger unit are:
(mg/cnf).

Alpha-patrticles,having a rather high mass and a double electricalge lose their energy
rapidly as they pass through matter and leave aed&ail of ionized material along their v.
The range of @ha particles in matter small @ few centimeters in air), bthe energy transfer
is very high,because all the energyreleased within a short distan@dpha-particles from a
given radionuclide have a definite energy and andefrange in matte A certain thickness of
shieldingmaterial is just able to stop alf- particles of a corresponding enel

Alpha decay icharacterized by the emission of an alpha partic’He nucleus. The mode
this decay causes the parent nucleus to decreasehyotons and two neutrons. This type
decay follows the relation:

A A— 2
X — 3 Y +a

Beta particles with a single electrical charge amduch lower masthan the alpha particles &
mudh more readily deflected bcollisions with atoms and moleculeBete-particles have a
maximum range in matteFor beta particles of given initial energ, there i always a defined
thickness of shielding material which can stop ¢hiesti- particles complete. The range of a
betaparticle of 1MeV initial energy is approximey 3m in air or 4mm in water canimal
tissue.

Beta decays characterized byhe emission of a neutrirend a negatron which is equivaleni
an electron This process occurs when a nucleus has an exdessutrons with respect
protons, as compared to tistable isobarThis type of transition converts a neutron int
proton; similarly, a positrois released when a proton is converted into a orufrhese decay
follows the relation:

A A _ —

X~ p Y + 7+

A A +

X =z ¥ +v -+

Gamma-and xay photons are much more penetrating than paatieuidiations (the same

energy,because of the rather low interaction with me The absorption of gamma o-ray
photons is a complex process and the mechadepends on the photon ene atomic number

90



and the density of the absorbing mater The most importardspect of interaction with matt
at low energy is what is called photo eff The energy of a photon is converted into the ka
of an orbital electron which is ejected from annaito shell by interaction of the photi The
kinetic energy of this photelectron corresponds to the eneof the gamm-photon minus the
binding energy with which the electron was heldiatly within the electron structure of tt
moleculesThe photoelectron will dissipate its energy in tatter similar to a be-particle.
Compton scattering is another mechanism by whiechnge-photons lose their ener. Only a
part of thephoton energy in this cg, is converted to kinetic energy of an elect The rest
remains in the form of a scattered gar-photon of lower energy whiclmay undergo
interactions with different aton shells, producing a photo electron or another Com
electron.The Compton electrons will interact with matter g@amto a beta particle .Comptc
scattering is a more important mechanism at higheton enrgy.

This decay follows the relatic

. G

3.3 Radiation Detection

3.3.1 Gaslonization Detectors

Cathode

l

. =< il :ﬁ}ode Output
Signal )

— |—

Power Source

Figure3.9  Schematic of a ionization detec
http://en.wikipidia.org/wiki/File:Gas_det.JF

Gaseous ionization detectors collect and recordetbetrons freed from gaseous atoms
molecules by the interaction of radiation releaBgdhe source. A voltagpotentia is applied
between two electrodes within a sealed system.eSime gaseous atoms are ionized after
interact with radiation they are attracted to timde which produces dgnal. The applied
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voltage is varied such that the response fallsimihcritical proportional range.

3.3.2 Solid-State Detectors

Signal
C’”EF"-": Cathode
%
e n-type
Energy Gap
p-type
Anode

Figure3.10 Schematic of a solid-state detector
(http://wikipidia.org/wiki/File:Solid_det.JPG)

The operating principle of Semiconductor detecter@milar to gas ionization detectors expect
instead of ionization gas atoms, free electronstaoids are produced which create a signal at
the electrodes. The advantage of solid state deted the greater resolution of the resultant
energy spectrum. Usually Nal(Tl) detectors are pygmdmore precise applications Ge(Li) and
Si(Li) detectors have been developed. For extragigea measurements high-pure germanium
detectors are used under a liquid nitrogen envientm

3.3.3 Scintillation Detectors

Scintillation detectors uses a photo luminescenirc® (such as ZnS) which interacts with
radiation. When a radioactive particle decays aimdtes the photo luminescent material a
photon is released. This photon is multiplied phatomultiplier tube which converts light into

an electrical signal. This signal is then processed converted into a channel. By comparing
the number of counts to the energy level (typicailkeV or MeV) the type of decay can be
determined.

34 Radioanalytical Chemistry Principles

3.4.1 SampleLossby Radiocolloidal Behaviour

Samples with very low concentrations are diffidoltmeasure accurately due to the radioactive
atoms unexpectedly depositing on surfaces. Sarmptedt trace levels may be due to adhesion
to container walls and filter surface sites by @oar electrostatic adsorption, as well as metal
foils and glass slides. Sample loss is an evereptaoncern, especially at the beginning of the
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analysis path where sequential steps may compdese fosses.

Various solutions are known to circumvent thesedssvhich include adding an inactive carrier
or adding a tracer. Research has also shown thatptietreatment of glassware and plastic
surfaces can reduce radionuclide sorption by sétigréhe sites”

3.4.1 Carrier or Tracer Addition

Due to the inherent nature of radionuclides yieddmw concentrations a common technique to
improve yields is the addition of carrier ions @ders. Isotope dilution involves the addition of
a known amount of radionuclide tracer to the sarttpdé contains a known stable element. This
is done at the start of the analysis procedurense the final measurements are taken, sample
loss is considered. This procedure avoids the f@edny quantitative recovery which greatly
simplifies the analytical process.

Carrier addition is the reverse technique of traaidition. Instead of isotope dilution, a known
mass of stable carrier ion is added to radionud@®ple solution. The carrier reagent must be
calibrated prior to addition to the sample. To fyethe resultant measurements, the expected
100% vyield is compared to the actual yield. Anyslas yield is analogous to any losses in the
radioactive sample. Typically the amount of caraeided is conventionally selected for the
ease of weighing such that the accuracy of thelteguweight is within 1%. For alpha
particles, special techniques must be applied taiolthe required thin sample sources.

Commonly measured long lived cosmogenic isotopes

element mass half-life typical source

(years) yp
helium 3 - stable -  air, water, and biota sampbedioassays
carbon 14 5,730 dating of organic matter, water
. produced in iron and steel casings, vessel
Iron 55 2.7

supports for nuclear weapons and reactors

Strontium 90 28.8 common fission product
Technetium 99 214,000 another common fission produc
iodine 129 157 groundwater tracer

million
Cesium 137 30.2 nuclear weapons and nuclear rea@tocidents)
Promethium 147 2.62 naturally occurring fissiondarct
Radon 226 1,600 rain and groundwater, atmosphere
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232, 233, 23¢

Uranium 235 236, 238 Varies terrestrial element
Plutonium 238, 239, 24(Varies nuclear weapons and reactors
241, 242
Americium 241 433 result of neutron interactions with uranium

plutonium

40 CONCLUSION

We conclude this unit by observing thateraction of radiation with matter depends on
factors such as types of particles,energy of remiand the properties of matter.
Gamma and x-ray photons have much more penetrdiang alpha and beta radiation
due to low interaction with matter.

50 SUMMARY

In this unit we studied the following:
i. Analysis of sample for their radioactive for theadionuclide content is the base
principle of radioanalytical chemistry
ii.  Interaction of radiation with matter can causeZation or excitation but depends on the
type of particles,energy of radiation and the proge of matter.Alpha particles have
very small range in air and, the range of energgdfer is very high,but can easily be
stopped by a certain thickness of shielding mdteria
iii. Beta particles have maximium range in matter buthmmore readily deflected by
collisions with atoms and molecules.
iv. ~ Gamma and X-ray photons have low interaction withtter, consequently have much
more penetrating than particulate radiations ofstdn@e energy.
v. The inherent nature of radionuclide yielding lowncentrations is often times
circumvented by pretreatment of glasswares andiditian of innert carrier or by tracer
addition.

6.0 TUTORMARKED ASSIGNMENT

Explain breifly radioanalytical chemistry.

Describe the basic principle of gas ionization dietes.

Enumerate the basic differences between particulatiation and electromagnetic
radiation.

4. State how low concentration yielding of radionuelicbuld be circumvented.

wn e
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UNIT 3 RADIOCHEMICAL SEPARATION TECHNIQUES
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INTRODUCTION

In the last unit you studied the interaction ofiaidn with matter and basic properties of
particulate radiation and X-rays.

Similar analytical separation techniques can bal dse radioactive nucleotides because they
have properties similar to their stable, inactivejgerparts. In this unit you will be studying

the radioanalytical separation techniques.Thesaragpn methods include precipitation, ion

exchange, liquid liquid extraction, solid phaseraation, distillation, and electrodeposition.

20 OBJECTIVES
At the end of this unit,students should be dbf
* recognise the importance of precipitation as ao@tklytical techniques.
» describe briefly the basic principles of distiltati
» explain solvent extraction as a radioanalyticalbsation method.
* Appreciate ion exchange as a veritable separatethod in radioanalytical studies.
* Explain the term electrodeposition in relatiorateeparation method.

3.0 MAINCONTENT
3.1  Precipitation

Solids can be formed in a solution or inside anoswid during a chemical reaction.This
process is called precipitation and the solid fainmea liquid is known as precipitate.The liquid
remaining above the solid is called the supernasupernatant.Precipitation occurs in chemical
reaction when an insoluble substance is introdirt@da solution.

In soluble substances, precipitation is enhancethassolution becomes supersaturated.The
relative supersaturation is proportional to (Q-S)Bere Q is the total concentration of the
solute at any instant,S is the equilibrium solujili should be noted also that that the particle
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size of a precipitate varies inversely as the inadasupersaturation.Precipitates are formed by
nucleation and by particle growth.Nucleation is ragess in which a minimum number of
atoms,ions,or molecules join together to give alstaolid.Nucleation increases with increase
with in relative supersaturation.If nucleation pvednates, a large number of fine particles
results.If particles growth predominates,a smaillenber of larger particles is obtained.

As a practical matter, precipitation is udpatarried out in hot, dilute aqueous san$

to allow the slow formation of large crysta The pH of the solution is chosen to
minimize colloid formation.  After predigtion, the precipitate is washed carefuity
remove impurities, dissolved and re-preatpdd to cause further purification.
The precipitate is collected by filtaai

Chimney\@
Filter paper.

Chimney
Rubber stoppe

Figure3.11 Schematic diagram of a filtration @pgtus used in
radiochemistry( From Wang, Willis, and Loveland)

The filter paper is supported by kasg frit clamped between two glass tubes.
The precipitate is washed finally withacetone or alcohol to dry it. The
precipitate is chosen to have a knowstoichiometry to allow calculation of the
yield of the separation and should not odbsvater or C@so that an accurate
weight can be obtained. (The filter papeed in the filtration must be treatedh
all the reagents beforehand, dried and veslghso that any material loss in filtratio
IS minimized.)
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3.2 Distillation

Distillation is a technique of separating mixturbased on differences in volatilities of
components in a boiling liquid mixture. Distillatids a physical separation process and not a
chemical reaction.Distillation allows the sepamatad components in a mixture whose partition
coefficients between solution and vapour phasdsrdsignificantly.The separation process is
simple if one species has a partition coefficiemattis large compared with the other
components of the mixture.A fractional distillatipnocedure is required for those systems in
which the difference in partition coefficient is alin

3.3 Solvent Extraction

A solute can be separated from a solution by sigakisolution with solvent in which the solute
is more soluble.The extend to which solutes distebthemselves between two immiscible
liquids differs greatly and these difference haeerbused to achieve separations of chemical
species.The distribution ratio otherwise knownhesgartition coefficient which is equal to the
concentration of a solution in the organic phaseddd by its concentration in the aqueous
phase.The distribution ratio depends on temperatheeconcentration of chemical species in
the system.

Separation by liquid-liquid extraction (solveaktraction) has played an important role in
radiochemical separations.

Multistage countercurrent continous processesasd e metals such as the lanthanides,mainly
because the separation factors between the ladésare so infinitesimal and many extraction
stages are required.lt is possible to extract urarplutonium,or thorium from acid
solutions.Organophosphate tri-n-butyl-phosphata is&ery common solvent that couldbe used
this extraction.

Ether extraction of uranium was used in easlgapons development, and the use of
tri-butyl phosphate (TBP) as an extractafior U and Pu was recognized in 1946,
resulting in the commercial PUREX process ffeprocessing spent reactor fuel. In recent
years, there has been a good deal weéloement

3.4 lon Exchange

lon exchange is one of the radiochemiaglasation techniques , which has high
selectivity and better ability to performepsrations rapidly . lon exchange is also a
process of purification and decontamination of ¢ontaining solutions using solid polymers or
mineralic ion exchangers. In ion exchange, aitsmi containing the ionsto be
separated is brought into contact with synthetic organic resin containing
specific functional groups that selectyvelbind the ions in question. Organic ion
exchangers have reactive groups such as —OH, -COO+EQH,and are insoluble in water as
well as organic solvents.This exchangers shoul@ laamvopen, permeable molecular structure
so that ions and solvent molecles can move freefnd out of the molecular structure.

The ions in question can be removed frohe resin by elution with suitable solution
that differs from the initial solutionh@racteristically the solution containing tloms
is run through a column packed with rebeads. The resins are usually cross--linked
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polystyrenes with attached functional groupkst cation exchangers (such as
Dowex 50) contain free sulfonic acidowgps, S@QH, where the cation displaces the
hydrogen ion. Anion exchangers (such as Dowgxontain quaternary amine groups,
such as CHN(CH3)sCl

A group of ions can be absorbed on the maolumaterial and then selectively eluted.
Eluants are complexing agents which formomplexes of varying solubility with the
absorbed ionsCompetition usually exists between the complgxagent and theesin for
each ion and each ion will be exchanged between theresin and th&€omplexing agent in
succession as it moves down the column. Spategaration between “bands” of
different ions occurs due the different rategaaious ions migrate down the column The
ions can be collected separately isuccessive eluant fractions (see Figure

below
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Figure312 Eluton of tripositve lanthanide and actinideions on Dowe0.

The most widely cited application of ion excbartechniques is the separation of the rare
earths or actinides from one another.This ased with cation exchange using a complexing
agent of(]---hydroxyisobutyric acid(*/---but”). The order of elution of the n® from
a cation exchange column is generallyomer of the radii of the hydrated ions hwit
the largest hydrated ions leaving first; thasvrencium elutes first and americium stla
among the tri-positive actinide ions (see Figure ). In thesecaf the data of Figure,the
separation between adjacent cations and dh#der of elution is derived from the
comparative stability of the aqueous actinidg Ilanthanide complexes withil-
hydroxyisobutyrate. ~ As shown in Figure-61Qhere is a strikingf analogos behavior in
the elution of the actinideand lanthanides that allowed chemists toveprthe identity of
new elements in the discovery @lements 9402 (Bk-No). For cafon exchage, the
strength of absorption goes as*M> M3+ > MO+ > M2+ > MQ*. A mixture of
Mn (ll), Co (IlI), Cu (II), Fe (lll), and&Zn (Il) can be separated by
being placed on a Dowex 1 column using M2HCI, followed by elutions with 6M HCI
(Mn),

Some inorganic ion exchangers, suchthes zeolites, have been very useful and are
used in situations where heat andatimsh might prevent the use of organic mssi
although the establishment of equlibria nisy slow.

More selective resins have been develogedong these are the chelating resins (such
as Chelex-100) that contain  functionagroups that chelate metal ions. Most
common functional groups include iminodiaceticids, 8- hydroxyquinoline or macrocyclic
units such as the crown ethers, calixarene cryptands.  The bifunctional chelating
ion exchange material, Diphonix® resin-asubstituted diphosphonic acid resin, shows

promise in treating radioactive waste. Imaott newer resins include those with
immobilized phosphorus ligands.

3.5  Electrochemical deposition
It is a process by which a film of solid metal ispdsited from a solution of ions onto an
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electrically conducting surface. The deposited fusually has dimensions within the nanoscale
and hence the resulting product has gone throygbaess of nanomanufacturing.

Electrolysis or electrochemical deposition can beduto plate out active material of interest as
the case may be or plate out other substancedbthker@ving active material in solution.

40 CONCLUSION

We conclude this unit by pointing out that radioaetnucleotides have chemical properties
similar to their stable counterparts,consequentigilar analytical separation techniques are
employed.

50 SUMMARY

i.  Precipitates are formed by nucleation and by dargoowth and precipitates have very
low solubilities.

ii.  Separation of components in a mixture whose pamtitioefficients between solution and
vapour phases differ greatly is made possible tnalistillation.

iii.  Solutes distribute themselve between two immisdilgleéds at different rate and this
physical property is very vital in chemical sepamas of chemical substances such as
lanthanides via solvent extraction technique.

Iv.  lon exchange is a method of separation,purificagiot decontamination of ion
containing solution using mineral exchangers oidgmblymers.

v. Substances can be plated out thereby leaving aci@terial in solution through a
radioanalytical technique known as electrochendeglosition.

6.0 TUTOR MARKED ASSIGNMENT

Explain breifly the concept of precipitation adiganalytical chemical technique.
Describe the basic principle of solvent extraction

Enumerate two differences between distillation emdexchange technique
Explain electrochemical deposition.

PwpdPE
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