The Adsorption of Ethandioic Acid on Charcoal


JS ADVANCED MATERIALS LABORATORY

Experiment: The Adsorption of Ethandioic Acid on Charcoal

__________________________________________________
Summary: In this assignment you will determine the adsorption characteristics of ethandioic acid on charcoal by means of chemometric titrations. By analysis of the observed isotherms you will attempt to determine the nature of the adsorption, the shape of the charcoal particles, the molecular orientation of the adsorbate on the charcoal surface, as well as the specific surface are of charcoal.

I. INTRODUCTION

   In your early studies of physics and chemistry you were probably concerned with those properties of materials which were dominated by the bulk.  With a little bit of hand-waving it was possible to convince yourself that surfaces were an annoying inconvenience which could be neglected; after all only a negligibly small fraction of the atoms/molecules are in, or adjacent to, a surface.  The properties of, for example, MgO, were reasonably completely determined by specifying a sodium chloride structure, the lattice constant, and a knowledge of the properties of Mg2+ and O2-, were they not?

   Fortunately, nature is not nearly so simple, and we are entertained by a vast range of interesting systems and surface phenomena, e.g. heterogeneous catalysis, lubrication, adsorption, detergency, chromatography etc., where surface properties are critical.  While it is true that only a small fraction of the atoms/molecules are in or adjacent to a surface, these atoms determine the appearance of a material to an external environment.  Moreover, since microscopic surface properties such as interplanar spacing, partial atomic charges, atom connectivity etc., often differ appreciably from the bulk, derived macroscopic properties also differ.

   In this assignment the adsorption characteristics (on charcoal) of a solute (in this case aqueous ethandioic acid) will be investigated.  Solute molecules tend to concentrate on the adsorbent at the solid-solution interface either as a monolayer or in multilayers, depending on the nature of the solute-surface and solute-solute interactions.  At a given temperature, the amount of solute adsorbed increases with increasing concentration of solute in the solution, and the relationship between them is known as an adsorption isotherm.  By matching the functional forms of such isotherms to various theoretical or empirical models it is possible to extract information about the molecular dimensions of the solute, its orientation of the surface, the shape of the solid particles and, where appropriate, a fractal dimension, as well as the nature of the adsorption - i.e. physisorption or chemisorption, and the enthalpy associated with the adsorption process.

   The basic approach to determining an isotherm is very simple.  A known quantity of a solid, typically a few grams, is introduced to a series of solutions of differing surfactant concentration.  In each case the concentration of the solutions falls as solute molecules adsorb onto the surface of the particles.  By determining the (reduced) equilibrium concentrations and comparing with the initial concentrations the extent of adsorption as a function of concentration (the isotherm) may be inferred.

I.1 Microscopic and Macroscopic Scales

   It is important to understand the relationship between microscopic properties such as molecular areas and macroscopic properties such as specific surface area and concentration. Consider the following: in this assignment the concentration change is determined by titration, and let us suppose that a change of 1% in a 100 cm3 0.25 M solution can be detected. This requires that an adsorption of 0.0025 M or 2.5 x 10-4 moles be effected, equivalent to 2.5 x 10-4 x 6 x 1023 molecules. Assuming a cross-sectional area of approximately 20 Å2 or 20 x 10-20 m2 per molecule, the adsorbed molecules cover an area of 30 m2 (or 12 m2 per 0.001M change in concentration, per 100 cm3 solution). The extent of adsorption depends of course of the thermodynamics particular to the system under investigation. In order to rise significantly above experimental error, concentration changes of the order of 0.005 - 0.05 M are required, equivalent to molecular coverages of several hundred square metres.  Clearly, a solid with a very large specific surface area, of the order of 102 m2/g, is essential.  As part of your analysis you will determine the specific surface of charcoal.

I.2 Isotherm Models

   A number of attempts have been made to find mathematical functions which fit experimental isotherms, of which we will consider two.  One such equation is the empirical Freundlich Isotherm 
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in which k and n are constants, and X is the amount (moles) of solute adsorbed by mass m of adsorbent when the equilibrium concentration of the solute is c.

   Another isotherm, having more theoretical justification, is that due to Langmuir.  This was derived originally for the physical adsorption of a gas onto a solid surface, assuming that the adsorbate forms a monolayer on the surface.  In a rather cavalier fashion we consider the solute to act as a gas and treat the solvent water as an inert medium (Can you justify this?)

   The Langmuir isotherm is of the form
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where k1 and k2 are constants, and X, m, and c have the same meaning as above.  A related expression (easily derived; do it!) is
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where N is the number of moles adsorbed per gram of solid at equilibrium and Nm is the number of moles per gram required to form a monolayer (i.e. complete coverage).  If the area ( occupied by an adsorbed molecule of the surface is known, the specific area A (in m2/g) is given by 


A = Nm N0 (  . 10-18 m2
(4)

where N0 is Avogadro's number and (  is given in nm2.

Ensure that you understand the background to both isotherms, and particularly the nature of any approximations implicit in their derivation or expression. (Although not directly related to this experiment, another adsorption isotherm of which you should be aware is the BET (Brunaeur, Emmett and Teller) model for multilayer adsorption.)

II EXPERIMENTAL

II.1 Preliminary Problems

   The equilibrium ethandioic concentrations are determined by titration with KMnO4. Before proceeding with the experiment you must solve the following problems:


1. What is the chemical formula for ethandioic acid? 


2. What is ethandioic acid commonly known as?


3. Write equations describing the reactions between (i) KMnO4 and ethandioic acid, and (ii) KMnO4 and Fe3SO4.


4. Why is sulphuric acid required in the reaction?  Would HCl be a suitable substitute?


5. The solution may go brown during the titration.  What does this signify?  What is the remedy?

II.2  Calibration Of Ethandioic Acid Solution 

   Dilute 20 cm3 of the supplied approximately 0.25 M ethandioic acid to 100 cm3.  Titrate 20 cm3 of the diluted ethandioic acid with 0.02M KMnO4.  For such titrations the solution should be acidified with dilute sulphuric acid and heated to 60°C (just too hot to hold).  The heating speeds up an otherwise slow reaction and the Mn2+ ions produced catalyse further reaction so that maintaining the temperature becomes less important as the titration proceeds.  However, when the titration has apparently completed it is advisable to check this by heating the solution to 60°C.  If the colour disappears then the titration was not complete and additional KMnO4 is required.  Calculate the exact concentration of the ethandioic solution.

Note: The above assumes that the KMnO4 solution has been calibrated. If this is not the case you must first calibrate it by titration with a standard solution of Fe3SO4. Consult your demonstrator.

II.3 Preparation Of Solutions

   Collect 450 cm3 of standardised 0.25 M ethandioic acid in a 500 cm3 or 1000 cm3 beaker.  Into nine of the supplied bottles place y cm3 of the ethandioic acid solution plus (100-y) cm3 of deionised water, where 


y = 100, 80, 60, 50, 40, 30, 20, 10, 5

These volumes should be dispensed with pipettes, and will yield (assuming an initial concentration of 0.25 M) final concentrations of 0.25 M, 0.20 M, 0.15 M, 0.125 M, 0.10 M, 0.075 M, 0.050 M, 0.025 M and 0.0125 M.  Calculate the actual concentrations using the standardised value for the original ethandioic acid solution.

   Add to each flask an accurately weighed quantity of about 5g of activated charcoal.  Use the crude balance in the furnace room to weigh out approximately 5g. Only then should you use the precision balance in the chemistry lab to determine its exact weight. Do NOT add or remove charcoal from the watch-glass while it is in or near the precision balance (CONSULT YOUR DEMONSTRATOR) 

   Stopper and shake the flasks placing them in the thermostatic water bath which should have equilibrium temperature of approximately 25°C.  The water bath provides the thermal inertia required to ensure that the temperature remains constant. Note the actual temperature of the water bath.  Allow the flasks to come to equilibrium.  Consult your demonstrator about this.

II.4 Titrations

   Once satisfied that the solutions have come to equilibrium you may proceed with the titrations.  Filter each solution through a fluted filter paper into a dry conical flask.  Reject the first few cm3 of filtrate (Do you know why?).

   For the solutions with 100 > y > 40 take a 5 cm3 aliquot for titration and for y < 40 take a 10 cm3 aliquot. Acidify each aliquot with an addition of sulphuric acid (~25cm3). Do not wash the pipette with water.  Titrate the aliquots with KMnO4 as above.  Repeat each titration as many times as necessary to obtain consistent results.

II.5 Analysis Of Results

   From the titration results calculate the equilibrium concentration (C) of ethandioic acid solution after adsorption has taken place.  From the initial concentrations of the solutions calculate the change in concentration ((C) in each case.

   For a constant volume (100 cm3) C is proportional to the amount of acid (expressed in grams), X, adsorbed by the charcoal and hence 


X = 0.1 x  (C moles

Calculate the amount of acid (number of moles) adsorbed per gram of charcoal i.e. X/m, where m is the weight of charcoal. Include a proper treatment of errors throughout your calculations.

Tabulate your results (including errors).  Plot the following curves:-


(i).   X/m vs C - gives the general characteristics of the adsorption.


(ii).  Log(X/m) vs log(C) - if a straight line is obtained from this plot then the  Freundlich isotherm is applicable to the system.  Determine k and n.


(iii). C/N vs C - if a straight line is obtained from this plot then the Langmuir isotherm is applicable.  The slope of this line = 1/Nm and the intercept = 1/kNm. Determine Nm and k.

Include error bars and perform regression analyses where appropriate.

II.6 Additional Work

1. Assuming that the effective surface area of ethandioic acid molecules is 0.25 nm2, and using the supplied values for bond lengths, bond angles and van der Waals radii (Appendix 1), deduce what you can about the orientation of the molecules on the surface of the charcoal (i.e. are they lying end-on or flat?).  Why is in not appropriate to use covalent or atomic radii?

2. Calculate A, the 'specific area' of charcoal in m2/g.

3. Taking the density of charcoal as given by that of graphite 2500 - 2720  kg/m3, and using the effective molecular surface area given above, calculate the radius of hypothetical spherically symmetric charcoal particles necessary to match the experimental results obtained here.  Is the calculated radius reasonable in your view?  Explain!  What does this tell us about the surface of charcoal particles?  

4. Interpret your results.  Is physisorption or chemisorption occurring?
APPENDIX 1

Bond lengths/Angles

C-C    0.154 +/- 0.006 nm

C-O    0.130 +/- 0.008 nm

O-C-O  127°

van der Waals radii

C    0.19 nm

O    0.17 nm
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