CE 170:  Environmental Engineering

Notes on Adsorption (Johnston)

In adsorption, molecules dissolved in a fluid preferentially accumulate at a solid surface.  The dissolved substance is called the adsorbate; the solid is called the adsorbent.  The fluid can be either liquid or gaseous.  The cause of the preferential accumulation is thought to be weak physical and chemical bonds between the adsorbate and the adsorbent.  Although the exact nature of these bonds isn’t known, the end result is that adsorbate molecules are in a lower energy state on the surface than they are in the fluid.  

Equilibrium Isotherms

Adsorption is a reversible process.  As some molecules attach themselves to the surface, others are kicked off back into the fluid.  At equilibrium, the rate of movement of molecules onto the surface (adsorption) and the rate movement off the surface (desorption) are equal.  Both rates are dependent on concentrations.  The concentration in the fluid is usually denoted by Ce, the mass concentration in mg/L or other such units.  The concentration on the surface is denoted by x/m where x is the mass of adsorbate adsorbed onto mass m of solid.  

Several equations have been derived to describe the concentrations at equilibrium.  The Langmuir isotherm is a theoretical equation:
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where k is an empirical coefficient and (x/m)max is the amount of adsorbate that would form a monomolecular layer on the solid adsorbent.  In essence, it is the maximum mass of adsorbate that could be retained. Freundlich developed the following empirical isotherm:


[image: image2.wmf]n

e

KC

m

x

/

1

=


where K and 1/n are empirical constants.  A third isotherm which is commonly used in groundwater studies is the Linear Partitioning isotherm:
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where Kp is an empirical coefficient.  Although the three equations look different, they can be thought of as curve fits to the same phenomenon.  In the graph below, all three isotherms are plotted together.  The coefficients used are listed in the table below.
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	Langmuir
	k
	0.1

	
	(x/m)max
	100

	Freundlich
	K
	14

	
	1/n
	0.55

	Linear
	Kp
	8


As can be seen in this example, all three equations describe the region below Ce=5 pretty equally.  Below Ce=14, the Freundlich and the Langmuir isotherms give very similar results.  For larger Ce values, kCe becomes larger than 1 and the denominator of the Langmuir isotherm approaches kCe.  When it reaches kCe, the top and bottom kCe terms in the equation cancel and (x/m) = (x/m)max.  You can see the Langmuir plot in the graph above start to lean over toward (x/m)max.  Note that neither the Freundlich nor Linear isotherms have an upper boundary.  These isotherms should only be used in the Ce ranges for which they were calibrated.

The coefficients of the Freundlich isotherm can be determined from a fairly simple set of jar tests experiments in which equilibrium conditions are established.  If the concentration of adsorbate is known before the addition of the solid adsorbent, and then is measured again after the establishment of equilibrium. Ce can be measured, and x/m can be calculated from the drop in concentration resulting from the addition of the solid.  With a set of Ce and x/m data pairs, the linearized form of the Freundlich equation can be plotted.

x/m = KCe1/n

ln(x/m) = lnK + (1/n)lnCe

Linear regression gives the slope of the line (= 1/n) and the y-intercept (= lnK).

Applications

Adsorption is a common phenomenon.  In the natural environment, it is a means by which compounds are immobilized.  For example, nutrients (nitrogen and phosphorus compounds) adsorb to soil particles, and thus are available to plants.  Without adsorption, many of these compounds would leach away from surface soils.  In natural water bodies, adsorbed compounds move with the particles to which they are attached.  If the particles are large and heavy and settle easily, adsorbed pollutants can accumulate in sediments on the bottoms of lakes, rivers, and bays.  By this mechanism, some pollutants are separated from swimming organisms.  On the other hand, bottom-dwelling organisms receive a larger dose.  Filter feeders (animals like shellfish whose diet consists of small particles filtered from the water) are put at particular risk.  Pollutants also adsorb and desorb from soil particles in aquifers, complicating efforts to track and remove ground water pollution.

As a treatment process, adsorption is used to remove pollutants, particularly organic compounds, from both water and air.  In these systems, the adsorbent of choice is mainly activated carbon.  Activated carbon is charcoal that has been treated to increase its surface area and its affinity for target compounds.  The activation process is a closely held trade secret in most cases.  In drinking water treatment plants, activated carbon is used to remove compounds which cause tastes and odors.  In ground water remediation plants, activated carbon is used to remove contaminants such as pesticides and solvents.  As described below, there are two major methods of applying activated carbon in treatment systems.

Powdered Activated Carbon (PAC)

When activated carbon (or any adsorbent) is added to a solution, the adsorbate moves from the dissolved phase to the solid surface. The concentration in the solution decreases until it reaches Ce.  Adding more carbon causes the concentration in solution to decrease further.  In a treatment plant, some additional process, such as settling or filtration, is needed to remove the PAC from the water after the adsorption has taken place.

When treating a water stream to meet a specified limit, operators just keep adding PAC until that desired effluent concentration (Ceff) is achieved.  At the end, the PAC is in equilibrium with the desired effluent concentration.  This fact can be used to calculate the amount of PAC needed to treat a given volume (or flow) of water.

Mass of adsorbate to be removed (X) = (Cinf - Ceff)V

x/m = KCe1/n where Ce is set at the effluent concentration, Ceff
PAC needed = X / (x/m)

Granular Activated Carbon in Columns

The alternative method of treating a water (or air) stream is by passing the stream through a stationary bed of carbon.  To limit head losses to a reasonable value, the particle size of the carbon is made larger.  Accordingly, this is often called granular activated carbon (GAC).  The most common configuration is a multi-stage column. 
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Imagine passing a continuous water stream with a given influent concentration Cinf through Column #1 above.  Let's break the stream into s series of incremental volumes, dV.  As the first dV passes through the carbon, much of the dissolved constituent moves to the carbon to establish equilibrium.  That volume of treated water moves downstream, eventually to Column #2, and a new volume with concentration Cinf is brought into Column #1.  As before, the carbon attempts to come into equilibrium with higher dissolved concentration.  Again, the treated water is replaced with water containing Ci.  Eventually, the carbon in Column #1 comes into equilibrium with Ci.  At this point, the Column #1 isn’t removing any more pollutant and it is replaced with fresh carbon.  The amount of carbon used to treat a given volume (or flow) is calculated as before (see below). 

Mass of adsorbate to be removed (X) = (Cinf - Ceff)V

x/m = KCe1/n where Ce is set at the influent concentration, Cinf
PAC needed = X / (x/m)

Because Cinf is larger than Ceff, x/m for a column is larger than x/m resulting from directly adding the carbon to the water.  Larger x/m values are desired because less carbon is needed to treat a given volume of water.  In actuality, the economic advantage of columns in terms of carbon use is somewhat lessened by the fact that the K value for PAC is larger than that for GAC because of PAC's larger surface area.  Nevertheless, GAC in columns has the operational advantage of not needing a separate step to take the PAC out of the water.  For these reasons, columns are a more popular treatment method than direct addition of carbon.
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