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Critical analysis of adsorption data statistically
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Abstract Experimental data can be presented, computed,

and critically analysed in a different way using statistics. A

variety of statistical tests are used to make decisions about

the significance and validity of the experimental data. In

the present study, adsorption was carried out to remove

zinc ions from contaminated aqueous solution using mango

leaf powder. The experimental data was analysed statisti-

cally by hypothesis testing applying t test, paired t test and

Chi-square test to (a) test the optimum value of the process

pH, (b) verify the success of experiment and (c) study the

effect of adsorbent dose in zinc ion removal from aqueous

solutions. Comparison of calculated and tabulated values of

t and v2 showed the results in favour of the data collected

from the experiment and this has been shown on proba-

bility charts. K value for Langmuir isotherm was 0.8582

and m value for Freundlich adsorption isotherm obtained

was 0.725, both are \1, indicating favourable isotherms.

Karl Pearson’s correlation coefficient values for Langmuir

and Freundlich adsorption isotherms were obtained as 0.99

and 0.95 respectively, which show higher degree of cor-

relation between the variables. This validates the data

obtained for adsorption of zinc ions from the contaminated

aqueous solution with the help of mango leaf powder.

Keywords Adsorption � Hypothesis testing � Karl
Pearson’s correlation coefficient � Probability charts �
Statistical analysis

Introduction

Although adsorption is a common phenomenon for gas

phase, yet it is widely used in the treatment of waste water.

It has been used in purification and disinfection of

potable water since ancient times by Romans, Egyptians

and Sumerians (Dabrowski 2001; Ferhan and Ozgur 2011).

For past couple of decades, increased urbanisation and

industrialisation has resulted in high concentration of

heavy metal ions in water bodies and drinking water sup-

plies, which are harmful for life. Heavy metals are toxic,

persistent and are mostly non-biodegradable. They pose a

serious threat to life when consumed in quantities higher

than the prescribed values. Their presence above prescribed

limits can cause severe damages to vital organs of the

body, such as kidney, liver and brain, reproductive and

nervous system (Goel 2006).

Adsorption using low cost agricultural waste as an

adsorbent is one of the known methods in waste water

treatment for its significant metal removal efficiency and

availability of a wide range of adsorbents. A number of

adsorbents prepared from (a) agricultural waste such as rice

husk, coconut coir, onion skin, (b) tree leaves such as

peepal, neem, and mango, (c) chemically modified waste,

such as cassava starch, modified potato and onion peals,

and (d) activated carbon from coconut shell, apricot stone,

etc. have been studied to remove heavy metal ions from

waste water solutions (Wong et al. 2003; Conrad and

Hansen 2007; Cafer et al. 2012; Sharma et al. 2014; Tiwari

et al. 2014; Shah et al. 2015; Singh and Narwal 2015;
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Kaushal and Singh 2016a, b; Raval et al. 2016; Shah et al.

2016). Data obtained from these experiments is studied by

adsorption isotherms presented on arithmetic graphs

obtained by plotting metal ion concentration c (mg/l)

against adsorbent loading W (g adsorbed/g solid) (Fig. 1).

Karl Pearson’s correlation coefficient (r)

Karl Pearson’s correlation coefficient is a widely used

method to measure the degree of relationship between two

variables and is given by

r ¼
X

Xi � Xð Þ � Yi � Yð Þ
h i

= n � rx � rY ; ð1Þ

where X and Y are the Karl Pearson’s correlation coeffi-

cient variables. Xi and Yi represent ith value of independent

variables and rx and rY represent standard deviations of

X and Y. X and Y represent values of c and c/W, respec-

tively, for Langmuir isotherm and c and W, respectively,

for Freundlich adsorption isotherm.

Statistical analysis of experimental data

To describe the process qualitatively and quantitatively

statistically, null hypothesis (Ho) is defined assuming that it

is true. An alternative hypothesis (Ha) is defined at the

same time keeping in view that alternative hypothesis is

accepted, if the null hypothesis is rejected or vice-versa.

Level of significance, the maximum value of the proba-

bility to reject the null hypothesis, is defined before testing

the hypothesis (Kaushal and Singh 2016a).

Hypothesis tests, the tests of significance for analysing

experimental data are categorised as (1) parametric tests,

e.g. Chi-square test, t test, z test and F test (2) non-para-

metric tests, the distribution-free tests of hypotheses,

independent of assumptions based on the characteristics of

the original population.

z test compares the sample mean with the hypothesised

population mean value. It is used to judge the significance

of mean for large samples, n[ 30.

t test based on t-distribution is used when population is

normal and infinite, population variance is unknown and

sample size is small (n\ 30). It is an appropriate test to

judge the significance of difference between two sample

means with unknown population variance.

Paired t test compares two related samples for small

values of n. It is assumed that the two populations are

normal. The variance of two populations need not be equal.

This test is normally conducted on data before and after

treatment studies.

Chi-square (v2) test is a useful statistical technique to

test the goodness of fit, significance and independence of

population variance. (Bowley 1937; Anderson 1958;

Chance 1975; Kothari 1984, 2004).

Adsorption isotherms

Experimental data is analysed using adsorption isotherm

equations (Treybal 1981; McCabe et al. 1993). Isotherm

constants are determined and coefficient of correlation is

calculated. The linear fit of the experimental data allows to

obtain the value of correlation coefficient[0.90 (Kothari

2004).

Langmuir isotherm a favourable type of isotherm is

given by

W ¼ WmaxðKc= 1þ Kcð Þ: ð2Þ

Values of c are plotted against c/W to test the Langmuir

isotherm model. Values of Langmuir isotherm constants

K and Wmax are determined from the plot. If K is large and

Kc[[1, the isotherm is strongly favourable. The isotherm

is nearly linear when Kc\ 1.

Freundlich isotherm also a favourable type of isotherm

is given by

W ¼ b cm: ð3Þ

log c is plotted w.r.t. log W to test the Freundlich

isotherm model. Values of Freundlich isotherm constants

b and m are determined from the plot. For adsorption from

liquids, m\ 1 gives a better fit.

Materials and method

10 mg Zn metal chips (AR) were dissolved in a few drops

of conc. HCl. Stock solution was prepared by diluting it to

1 L with distilled water. This solution was further diluted

by adding distilled water to obtain various concentrations

in the range 10–100 mg/L. Mango tree leaves collected

from local area were washed, dried and crushed to 200

Fig. 1 Arithmetic graph between metal ion concentration c (mg/L) vs

adsorbent loading W (g adsorbed/g solid) presenting different

adsorption isotherms
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mesh size. They were washed repeatedly to get rid off the

colour and other impurities, dried for 6 h at 60 �C in a hot

air oven and stored in air tight container. This dried powder

used in the range 1–10 g/L was used to calculate the %

removal of Zn ions from the solution. Batch experiment

was carried out in the ‘Orbital’ constant temperature vari-

able speed shaker holding 12 Erlenmeyer flasks at a time at

20 �C and 150 rpm for 100 min in the pH range 2–8. The

solutions were filtered with Whatman filter paper no. 40

after each batch experiment. Analysis of concentration of

zinc ions in the filtrate was done by CHEMITO AA201

Atomic Absorption Spectrophotometer (AAS) using air-

acetylene flame. Percentage removal of zinc ions from the

solution after the batch adsorption was calculated as

% Removal ¼ ðCi�CoÞ=Ci½ � � 100; ð4Þ

where Co and Ci represent the final and initial concentration

zinc ions (mg/L) in the solution, respectively.

qe ¼ Ci�Ceð ÞV½ �=m; ð5Þ

where qe is the equilibrium adsorption capacity (mg

adsorbate/g adsorbent) and V is the volume of the solution

(litres) and m is the mass of the adsorbent (g) used

(Kaushal and Singh 2016b).

Results and discussion

Data collected from analysis of the filtrates for zinc ion

concentration was used for

(A) Testing the hypotheses: (1) to judge the

optimum value of pH for maximum zinc ion

removal from solution (2) to judge the success of

the experiment (3) to infer that the higher adsorbent

dose helps in higher % removal of zinc ions (4) to

judge the K value for favorability of Langmuir

isotherm (5) to judge the m value for favourability of

Freundlich isotherm

(B) To test the fitness of data in Langmuir and

Freundlich adsorption isotherms using Karl

Pearson’s correlation coefficient given by

r =
P

(Xi - X)�(Yi - Y)/n�rx�ry (Eq. 1)

Hypothesis testing to judge the optimum value of pH

for maximum removal of the zinc ions

from the solution containing 100 ppm zinc ion

concentration

Two-tailed t test was applied to judge the optimum value

of pH within 5 % level of significance (Table 1).

Null hypothesis Ho: lHo = Optimum pH = 5

Alternate hypothesis Ha: Optimum pH = 5.

For (n - 1) degree of freedoms

t ¼ Xavg � lÞ
� �

= rs=
p
nð Þ ¼ tobserved; ð6Þ

is the calculated value of t,

where rs = standard deviation = H[
P

(Xi - Xavg)
2/

(n - 1)],

Xavg= Average value of X and n = sample size.

From Eq. 6, the value of standard deviation rs = 17.15

and calculated value of t, tobserved = -2.40156, whereas

ttabulated = -2.447 at 5 % level of significance for 6

degrees of freedom (d.f.) for 2-tailed t-distribution (Kothari

2004). Since tobserved\ ttabulated, null hypothesis that the

optimum value of pH is 5 is accepted (Fig. 2).

Hypothesis testing to judge the success

of the experiment

Paired t test was applied on the matched pairs, i.e. the

concentration values of zinc ion in the solution before (Xi)

and after (Yi) the adsorption experiment (Table 2).

Null hypothesis Ho: Experiment did not bring any

change in the concentration of zinc ions in the solution.

Alternate hypothesis Ha: Adsorption experiment was

successful.

Table 1 % removal of zinc ions w.r.t. pH

n pH % Removal (Xi) (Xi – Xavg)
2

1 2 30 866.04

2 3 42 303.76

3 4 70 111.76

4 5 75 242.47

5 6 73 184.18

6 7 67 57.33

7 8 59 0.18

Sum
P

Xi 416

Avg X 59.43

Fig. 2 Probability chart for t-distribution for two-tailed test
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For paired t test

tcalculated ¼ Davg � 0
� �

= rdiff=
p
nð Þ; ð7Þ

Where n = number of matched pairs, Davg = Mean of

differences, rdiff = Standard deviation of differences.

Davg (mean of differences) = (
P

Di)/n = 29.95

Standard deviation rdiff = H[
P

{Di - (Davg)
2�n}/

n - 1] = 12.446

From Eq. 7, the calculated value of t is tobserved = 7.61,

whereas ttabulated = 2.262 at 5 % level of significance for 9

degrees of freedom (d.f.) for 2-tailed t-distribution (Kothari

2004). Since tcalculated[ tobserved, null hypothesis that the

experiment did not bring any change in the concentration

of zinc ions in the solution is rejected and alternate

hypothesis that the experiment in removing zinc ions from

contaminated solution was succeccful accepted (Fig. 3).

Hypothesis testing to infer that the higher adsorbent

dose helps in higher % removal of zinc ions

Chi-square test was applied to the data collected from the

experiments conducted for zinc ion removal from samples

of initial zinc ion concentration of 10 and 100 mg/L with

adsorbent dosages 1 and 10 g/L at pH = 5 (Tables 3, 4).

Null hypothesis Ho: % removal is higher with higher

adsorbent dose

Alternate hypothesis Ha: % removal decreases with

adsorbent dose

If Oij = Observed frequencies of the cell in the ith row

and jth column.

Eij = Expected frequencies of the cell in the ith row and

jth column.

v2 ¼
X

Oij � Eij

� �2
=Eij

n o
; ð8Þ

From Eq. 8, the calculated value of v2 is v2observed = 3.285

whereas v2tabulated = 3.841 at 5 % level of significance for 1

degrees of freedom (d.f.) for v2-distribution (Kothari 2004).
Since v2observed \ v2tabulated, null hypothesis that the higher

adsorbent dose helps in higher % removal of zinc ions is

accepted (Fig. 4).

Table 2 Zinc ion concentration in the solution before (Xi) and after

(Yi) the experiment

n Xi Yi Di = Xi - Yi

1 10 2.5 7.5

2 20 5 15

3 30 9 21

4 40 14 26

5 50 20 30

6 60 26 34

7 70 32 38

8 80 39 41

9 90 47 43

10 100 56 44

Fig. 3 Probability chart for t-distribution for two-tailed test

Table 3 Observed frequencies for zinc ion removal for initial zinc

ion concentration of 10 and 100 mg/L and adsorbent dosages 1 and

10 g/L at pH 5

% Zinc removed Total

Initial

concentration

10 mg/L

Initial

concentration

100 mg/L

Adsorbent dose

1 g/L

9 1 10 = A

Adsorbent dose

10 g/L

75 40 115 = a

Total 84 = B 41 = b 125 = N

Table 4 Calculation for Chi square

Groups Oij Eij (Oij - Eij)
2/Eij

AB 9 6 1.5

Ab 1 3.28 1.58

aB 75 77.28 0.067

ab 40 37.72 0.14

Fig. 4 Probability chart for Chi-square distribution for effectiveness

of the adsorption experiment
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Adsorption isotherms

Experimental data were analysed using Langmuir and

Freundlich adsorption isotherm equations (Eqs. 2 and 3).

Langmuir isotherm

The experimental data were used to check whether the

Langmuir isotherm equation was favourable or not. Metal

ion concentration c (ppm) was plotted against c/W, where

W is adsorbent loading (g adsorbed/g solid) to give iso-

therm curve on arithmetic graph (Table 5; Fig. 5).

From the plot, the slope of the isotherm obtained was

102.98 and the Langmuir isotherm constant K obtained was

0.008582. The value of K(\1), indicated a linear type and

hence a favourable isotherm. Value of Karl pearson’s

correlation coefficient was obtained as 0.998225 (Eq. 1),

indicating a high degree of correlation between two

variables.

Freundlich isotherm

Favourabilty of Freundlich adsorption isothermwas checked

using Freundlich isotherm equation. Logarithmic values of

c (metal ion concentration, ppm) were plotted against loga-

rithmic values of W (adsorbent loading, g adsorbed/g solid)

to obtain isotherm curve (Table 6; Fig. 6).

Value of slope obtained from plot was 0.725331. Since

slope m\ 1, Freundlich adsorption isotherm was found to

be a favourable fit for the adsorption data. Value of Karl

pearson’s correlation coefficient was 0.95311, indicating a

high degree of correlation between two variables.

Conclusions

Hypotheses are statements or assumptions made clearly

and concisely for the data obtained from experi-

ments which need testing, i.e. to accept or reject them.

Hypothesis testing is a technique to validate these

assumptions. In the present study, we made assumptions,

which were expressed as the null hypothesis, for different

situations (a) to judge the optimum value of pH for max-

imum removal of Zn ions by mango tree leaves (b) to judge

0
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Langmuir isotherm: Adsorption of zinc on mango leaf 
powder

Fig. 5 Langmuir Isotherm plot

Table 5 Experimental data for Langmuir isotherm

C, ppm Adsorbent

dose, mg

Quantity of zinc

adsorbed, mg

W = mg adsorbed/mg

adsorbent

10 10,000 7.5 0.00075

20 10,000 15 0.015

30 10,000 21 0.0021

40 10,000 26 0.0026

50 10,000 30 0.003

60 10,000 34 0.0034

70 10,000 38 0.0038

80 10,000 41 0.0041

90 10,000 43 0.0043

100 10,000 44 0.0044

Table 6 Experimental data for Freundlich isotherm

C, mg/L W = mg adsorbed/mg adsorbent log c log W

10 0.00075 1 -3.12

20 0.015 1.30 -2.82

30 0.0021 1.48 -2.68

40 0.0026 1.60 -2.59

50 0.003 1.70 -2.52

60 0.0034 1.78 -2.49

70 0.0038 1.85 -2.42

80 0.0041 1.90 -2.38

90 0.0043 1.95 -2.37

100 0.0044 2 -2.36
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Freundlich Isotherm: Adsorption of Zinc on Mango leaf powder

Fig. 6 Freundlich isotherm plot
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the success of the experiment (c) to infer that the higher

adsorbent dose helped in higher % removal of zinc ions.

The problems were tested using t test, paired t test and Chi-

square test within 5 % level of confidence. Results showed

that our calculated values fall inside the acceptance region

of the probability charts.

Further, experiment data were analysed through Lang-

muir and Freundlich adsorption isotherms. Results showed

the linear fit of data into the isotherm equations and hence

the favourable isotherms. Values of Karl Pearson’s corre-

lation coefficients obtained were 0.99 and 0.95 for Lang-

muir and Freundlich adsorption isotherms respectively,

which show higher degree of correlation between the two

variables.

F test and analysis of variance (ANOVA) to test the

differences of means between multiple samples at the same

time are recommended for future studies.
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