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CHAPTER I 

INTRODUCTION 

A broad definition of adsorption has been offered 

by Drew and Hoopes (13). They state that adsorption 

is "selective accumulation of a chemical species at 

phase interfaces." ' 

Modern adsorption analysis began with Langmuir's 

(21) classic paper in I916. Langmuir's theory on the 

constitution of solids and liquids assumed that no 

discrete molecules existed in these phases but that 

the phases themselves were really of a molecular nature. 

He also stated that the phenomena of boiling, melting, 

and adsorption were chemical reactions of the liquid 

and solid phases. He cited, as examples of this theory, 

the adsorption of hydrogen on glass and of oxygen on 

tungsten. Langmuir thought that the affinity of sur

faces for gases and vapors could be explained by the 

"unsaturated" nature of surfaces. 

l,angmuir's work was furthered by Brunauer, Emmet, 

and Teller (3) in 1938. Their work, which was concerned 

'with equilibrium adsorption, resulted in an adsorption 

model which contained several idealizations (18). 



Despite its shoVtcomings the BET equilibrium adsorp

tion model has been an accepted standard since its 

publication. 

Dynamic adsorption can be described in terms of a 

molecule of adsorbate diffusing to the adsorbent parti

cle, diffusing through the pores of this particle, and 

finally being adsorbed on the surface (16, 18, 26). 

Desorption is described as occurring by the same steps 

with the order reversed. Differences in adsorption 

models result from descriptions of the pore diffusion 

and surface adsorption steps. Lewis, Gilliland, Cher-

tow, and Cadogan (22) fo"und that most adsorption models 

gave good design results only in certain areas of 

applicability. 

Polanyi (29) in 1914 took a different approach to 

the problem. His work, although somewhat empirical, is 

based on a free energy of adsorption concept. Modifi

cations to this work (30) give good design results over 

about three orders of magnitude of adsorbate concentra

tion* Others have modified Polanyi's so-called Poten

tial theory to trace contamination problems in space 

cabin atmospheres (15, 22, 31, 32) with uniformly good 

results. 
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Ammonia has been identified (19) as a trace con

taminant in space cabin atmospheres. Although there 

is some speculation that ammonia will be removed by a 

solid catalized reaction with carbon dioxide and water 

vapor to form ammonium carbonate, the National Aeor-

nautics and Space Administration feels that the possi

bility of including a specific ammonia adsorbent aboard 

long duration manned space flights should be investi

gated (30). 

To this end, sorbents from silica gel (20), to 

acid impregnated charcoal (30, 33), to chemically 

treated glass (6) have been investigated. The purpose 

of this work was to study the adsorption of ammonia on 

another of these adsorbents, copper-sulfate impregnated 

silica gelo This was accomplished by investigating the 

form of the breakthrough curves for the system air-

ammonia-copper-sulfate impregnated silica gel at two 

temperatures. As a design aid for larger systems a 

predictive mathematical model of these breakthrough 

curves was formulated. 



CHAPTER II 

THEORETICAL DEVELOPMENT AND LITERATURE REVIEW 

Types of Adsorption 

The adsorption of gases and vapors on a solid is 

usually accomplished by passing a gas mixture containing 

the adsorbate over a fixed bed of the adsorbent. The 

adsorbate is preferentially adsorbed from the gas stream 

by the adsorbent. This phenomenon can be divided quali--

tatively (and sometimes quantitatively) into physical or 

Van der Waals adsorption and activated adsorption or 

"Chemisorption" (4). 

Physical Adsorption 

Van der Waals adsorption is so named because the 

forces between the adsorbent and the adsorbate are 

assumed to be of the Van der Waals type (4). This 

type of adsorption is characterized by several factors. 

First, the selectivity of physical adsorption is based 

roughly on both the critical point and boiling point 

of the adsorbate and not on the adsorbate's chemical 

properties (23). Also, the heat of adsorption (dis

cussed below) for the physical case closely approxi

mates the heat of condensation of the adsorbate (on 
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the order of 2000 - 6000 btu/mol of adsorbate for most 

gases and vapors and double or triple that for some 

inorganic polar compounds such as water and ammonia). 

Furthermore, the conditions needed to remove the adsor

bate from the adsorbent (desorption) are mild. This 

characteristic is a measure of the binding forces in

volved in physisorption. Finally, physical adsorption 

is not limited to monolayer coverage and in fact adsor

bate layers up to six molecules thick havê  been 

reported (3). 

Activated Adsorption 

Activated adsorption or chemisorption, on the other 

hand, selects adsorbates on the basis of chemical makeup 

(23)» has heats of adsorption on the order of chemical 

reactions (30,000 - 100,000 btu/mol of adsorbate) (4), 

adsorbs to only a unimolecular layer (4), and requires 

very severe conditions for desorption. All these char

acteristics point toward an adsorption mechanism which 

is similar to a chemical reaction. This was the type 

of adsorption which was observed by Langmuir (21) when 

he reported on the high temperature adsorption of oxygen 

on tungsten. If a chemical reaction does take place 

during chemisorption, an activation energy should be 



required. This has been observed, but frequently 

the activation energy is so small as to be immeasur

able (4). 

Mechanism of Adsorption 

All adsorption, whether chemisorption or physi-

sorption, follows the same steps. First, adsorbate 

diffuses from the flowing gas to the adsorbent (bulk 

phase mass transfer step). Then the gas (in a porous 

adsorbent) diffuses through the pores of the adsorbent 

(pore diffusion step). Finally, the adsorbate is ad

sorbed on the surface (or in the case of physisorption, 

is connected to the surface through layers of previ

ously adsorbed molecules (3))* The resistances to 

adsorption encountered in each step are independent 

of the other steps. Since adsorption is a dynamic 

process, molecules of adsorbate are also following 

the above sequence of steps in reverse order. How

ever, only at equilibrium does the rate of adsorption 

equal the rate of desorption. 

Of interest to the engineer is which (or which 

combination) of the steps listed above controls the 

rate of adsorption. Brunauer (4) has said? "In gen

eral, it seems safe to conclude that in physical or 



Van der Waals adsorption the gas molecules are adsorbed 

as rapidly as they reach the surface. The slow effects 

are either due to chemisorption, chemical reaction, 

solution, or the inability of the molecules to get in 

contact with the surface.*" Therefore, in pure physical 

adsorption, either the bulk phase mass transfer step or 

the pore diffusion step or both should limit the adsorp

tion rate. 

Howard (18) studied both the bulk phase mass trans

fer and surface adsorption rate controlling models for 

the system air-nitrogen dioxide-activated carbon. He 

concluded that surface adsorption controlled the overall 

adsorption rate and that adsorption in that system could 

be described using a Van der Waals model. Masamune 

and Smith (24) found that for the system nitrogen-Vycor 

glass9 pore diffusion was the limiting step. 

Due to its complexity, few workers have investi

gated a system where more than one resistance had to 

be considered to describe the adsorption rate (18). 

Masamune and Smith (25)v by assuming a linear relation

ship between bulk adsorbate concentration and adsorbate 

loading, have solved the problem for all combinations of 

two rate limiting resistances. Their solution involves 

multiple Laplace transforms and holds for a single ad-

sorbable component in the gas phase. 
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Development of Equations 

Gas Phase Material Balance 

Any model of a time dependent unit operation such as 

adsorption must relate the change in the important system 

variable with time. In other words, it must involve dif

ferential equations in time. Such an equation can be 

developed for this system by writing an unsteady state 

gas phase material balance for a differential element of 

the adsorbent bed (Figure II-l). For this differential 

element one can write a general gas phase material bal

ance in the formi 

in - out + generation - accumulation 

Using the same notation as in Bird (2), one can write: 

in = C V w R2 1̂  

out = C V . R̂ l̂ ^̂ ^ 

generation = - R n R̂  AZ 

accumulation - c^ v R^ LZ ^ 



^INLET ^OUTLET 

AZ 

FIGURE II-l 

Differential Element of Bed 
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Combining as above gives: 

C V n R̂ l̂  - c V « R2|2^^- R , R2 AZ = ê  . R̂  iZ § 

or 

AZ "'' T̂ 

If AZ and AT approach zero, the first and third terms 

of this equation become the definitions of the partial 

derivatives so that: ^ 

avc 1 _ g ̂  3C ) 

t>ut V ?« ftZ) therefore 

-^ 17)1 =R*-B Ifjz {"-D 
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where C = gas concentration, mols/ft^ 

R = bed radius, ft 

R = adsorption rate, mols gas/ft^ solid - hr 

T = time, hrs 

V = gas superficial velocity, ft/hr 

Z = bed length, ft 

c ̂  = adsorbent bed void fraction, dimensionless 

A Z = length of differential elements ft. 

Rate of Adsorption 

The term M in equation II-l above can be expressed 

in many forms depending on the adsorption model being 

studied. However, the defining expression for the rate 

of adsorption is written in terms of the adsorbate 

loading on the solid (16, 18). The form of the expres

sion used in this work is: 

R = P 3 | f ) ^ (II-2) 

where p^ = bed density, Ib/ft-^ 

1< = rate of adsorption, mols gas/ft^ solid hr 

T = time, hrs 

U = mols gas/lb solid 

Z = bed length, ft. 
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Gas Phase Mass Transfer 

The study of gas phase mass transfer has a broad 

theoretical base and because of its importance in 

chemical engineering, a considerable amount of work 

has been done in this-area. The applicable form of the 

general mass transfer equation is (18): 

s 

^ ' K Ac (C-Cs) (I1-3) 

Where Â  = external area of adsorbent, ft /lb 

C = concentration of adsorbate in bulk gas 

phase, raols/ft^ 

Cg - adsorbate concentration very near the solid 

surface, mols/ft^ 

Kg = external diffusion mass transfer coefficient, 

ft/hr 

R = rate of adsorption, mols gas/ft-̂  solid - hr 

T = time, hr 

Pg = bed density, lbs/ft^. 

The least theoretical term, and therefore most open to 

doubt, is the mass transfer coefficient, K . However, 

several good empirical correlations do exist (9s 12, 35t 

40). 
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Pore Diffusion 

Antonson and Dranoff (1), using the system ethane-

air-molecular sieves, have divided the pore diffusion 

step into macropore and micropore diffusion (using 

approximately the same definitions of pore sizes as 

Dubinin (l4), i.e. intermediate pore sizes from radius 

15 to 2000A and macropores with radius over 2000A®). 

In their work, they concluded that micropore diffusion 

controlled the adsorption rate. 

Descriptive equations of pore diffusion can be 

developed by writing a dynamic gas phase material bal

ance for the pore region. This balance, or Pick's law 

as it is sometimes caiied, can be written as (18)8 

(II-4) 

where c ~ concentration of adsorbate in pore, mols/ft-^ 
P 

R = rate of adsorption, mols/ft-^ solid - hr 

r = radius position in particle, ft 

T - time, hr 

r ~ diffusivity of adsorbate, ft^/hr 
e ~ internal void fraction, dimensionless. 
P 
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Equation II-4 is based on sperical particles and a con

stant pore size. While this is normally not the case 

(1, 14), approximations made using these assumptions 

are usually acceptable. Note that here, as in the bulk 

diffusion case, the adsorption rate is a function of 

diffusivity (in equation II-3, K^ is a function of 

d,iffusivity (35)). 

Equation II-4 can be simplified by assuming a 

pseudo steady state (16). i.e. the ter-n ayaT 

may be neglected. With this assumption, equation II-4 

becomes: 

TT'r 3r2 
+ I T ^ ^ = R (n-5) 

This equationp while not pursued further in this work, 

is an applicable expression for the rate of adsorption 

term in equation II-l^ 

Surface Adsorption 

The rate of adsorption on the surface is generally 

considered in terms of the fraction of the surface 

covered (11, 37) or in terms of adsorption spaces or 

sites (11). In either case, there is a maximum equi

librium amount of adsorbate (or maximum number of filled 
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sites) that can be held on the surface (as a function 

of temperature and local gas phase concentration). It 

was this maximum surface concentration that was dis

cussed by Brunauer, Emmett, and Teller (3) in their 

paper on equilibrium adsorption. This number of adsorp

tion sites is directly related to the sorbent loading 

for a given adsorbent. It is reasonable then, to say 

that the driving force for surface adsorption is a 

function of the difference between equilibrium loading 

and instantaneous loading. In equation form this can 

be written as: 

R = YK (W£ - W) (II-6) 

where W = adsorbent loading, mol gas/lb sorbent 

Vig - equilibrium adsorbent loading, based on 

^ local adsorbate concentration in the gas 

phase 

YK = adsorption rate constant, lbs/ft-̂  - hr. 

This equation proved to be particularly applicable to 

this study as will be shown in Chapter VI. 
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Equilibrium Equations 

In most physical systems, some knowledge of the 

system equilibrium behavior must be available in order 

to relate the material balance equations to the real 

system. What is needed for this particular case is an 

equilibrium relationship between concentration or par

tial pressure of adsorbate in the gas phase, and the 

adsorbate loading on the solid surface. Such a rela^ 

tionship, if based on an isothermal system, is called 

an isotherm and a considerable amoxmt of work has been 

devoted to defining isotherms for various solid-gas 

systems. Plots of adsorbate bulk concentration (or 

partial pressure) versus equilibrium surface concen

tration at a particular temperature are also called 

isotherms. 

There are two broad types of isotherms. First, 

there is the linear isotherm (Henry's Law) which can 

be expressed simply as (4): 

W£ = K P ClI-7) 
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where K = proportionality constant (or simply slope of 

line)p moIs/lb - in Hg 

P = partial pressure of adsorbate, in Hg 

W^ = equilibrium surface concentration, mols/lb. 

Although very few systems follow a linear isotherm 

over the entire range of adsorbate partial pressures, 

many systems are adequately described by linear iso-

iherms at low partial pressures (4). 

The other type of isotherm is the non-linear type. 

Freundlichf Langmuir, Magnus^ Brunauer9 Emmett, and 

Teller, and others (4) have attempted to formulate 

equations to describe non-linear isotherms. All of 

these non-linear equations are of the form: 

Ŵ  = f(P) (II-8) 

where f(P) = some non-^inear function of adsorbate 

partial pressure= 

The Brunauer, Emmett, and Teller (or BET) equation 

is, because of its easy use and accxiracy, probably the 

most widely used isotherm equation. The BET equation 
> 

can be written as (23): 
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' - + —2tl (11-9) 

"M 

"E^PO-P) "H CBET "M S E T ̂ O 

where Ĉ -j- = experimental constant, dimensionless 

P = partial pressure of gasr in Hg 

pQ = vapor pressure of gas, in Hg 

W£ = equilibrium adsorbent loading mols gas/lb 

solid 

- loading, corresponding to a monomolecu-

lar coverage of adsorbent by adsorbate, 

mols/lb. 

The theory behind the BET equation has several 

obvious deficiencies. The most glaring of these is 

that the BET model allows an adsorbate molecule to be 

adsorbed on top of an isolated adsorbed molecule. Also, 

the energy change upon adsorption is considered to be 

equal to that when the vapor is condensed to a liquid 

state in which each molecule has twelve nearest neigh

bors (32). Despite these shortcomings, results obtained 

with the equation have been quite good, (23)• 

A simplification of the BET equation to the Lang

muir equation is possible under certain conditions. If 

P is much smaller than P̂  (P < lO'̂ atm and P̂  > 10 atm), 

as is the case for this air«ammonia systemc then: 
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P Q - P ^ P Q '̂ •̂•'01 

so that 

"E 
p = -. (11-11) 

% SET ^^^SET-I) —r p 
0 0 

if A' = - l y ^ (11-12) and 
0 

C -1 
B' = ^^^ (11-13) then 

0 

W 
P = —^^ (11-14) 

A' - B'Ŵ  

which is one form of the Langmuir equation (23). Since 

P is proportional to C, equation II=l4 can be written as 

W 
C = ^ — (11-15) 

^ - ̂ E ̂ B 

where A^ and Bg are experimentally determined constants 
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An unsteady state material balance for the system 

(Equation II-l), a rate equation based on each of the 

three steps in adsorption (Equations II-3» 5» 6), and an 

equilibrium relationship between gas phase and solid phase 

adsorbate concentrations (Equation 11-15) have been devel

oped. Simultaneous solution of the material balance equa

tion, the equilibrium equation and one or more of the rate 

expressions should provide a mathematical model which 

closely parallels the actual system behavior. 

Isosteres 

A plot of the natural logarithm of adsorbate partial 

pressure against inverse absolute temperature with the 

amount adsorbed held constant is called an isostere (4, 

34). Because of the difficulty in holding sorbent 

loading constant, isosteres are normally plotted from 

isotherms and not directly from experimental data. The 

procedure for accomplishing this will be discussed later. 

Isosteric plots are generally straight lines (18, 

34). The slope of these straight lines is equal to the 

negative of the ratio of the latent heat of adsorption 

for the system to the gas constant (4). In other words, 

an isostere with a large negative slope represents a 

material with a higher heat of adsorption than an iso

stere with a smaller negative slope. 
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The Clausius-Clapeyron equation can be written: 

• R ClI-16) 
d 1/T' 

where P̂  = vapor pressure, in Hg 

q = latent heat of a phase change, btu/mol 

R = gas constant, btu/mol - °R 

T' = absolute temperature, ^R. 

From equation II-16, the slope of the natural log of 

vapor pressure plotted against inverse absolute tempera

ture is the negative ratio of the latent heat of a phase 

change to the gas constant. 

Therefore, from an isosteric plot, one can calcu

late the latent heat of adsorption for the adsorbate 

under study. From equation II-16 one can also calculate 

the latent heat of condensation for the adsorbate (care 

should be taken here to calculate the latent heat of 

condensation for temperatures at which th' vapor pres

sure is near the partial pressures used in the adsorp

tion study). Once the latent heat of adsorption and the 

latent heat of condensation are known, a comparison of 

the two will show whether physical adsorption or chemi-



22 

sorption has occurred. That is, if physical adsorption 

has occurred, the two latent heats will be nearly the 

same (18), If both chemical adsorption and physical 

adsorption have occurred, the latent heat of adsorption 

will be greater than the latent heat of condensation (18). 



CHAPTER III 

EXPERIMENTAL APPARATUS, PROCEDURE, AND ANALYSIS 

Apparatus 

The apparatus used in this study is simple in con

cept and design. The essential elements are a metered 

clean air supply, an air-ammonia mixing section, a fixed 

support for the adsorption bed and a thermostatic bath 

surrounding the adsorber. 

Specifically (Figure III-l), compressed air at 

80 psig from the university air system was cleaned by 

passing it over a four to six mesh silica gel bed 

contained in a carbon steel holder. This holder had 

an inside diameter of approximately two inches and 

was about four inches long. Air saturated with water 

vapor at 80 psig is essentially dry (2200 ppm water) 

at the atmospheric pressure of the study so the main 

function of the silica gel was to remove dust, rust, 

and entrained oil. (Bimonthly changes of silica gel 

were made. At no time was more than the upstream 

half of the bed soiled.) Air flow was maintained 

via a small air regulator upstream of the silica gel 

bed. 

23 
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Silica 
Gel 

Air 
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To Vent 

Three Way Valve 
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Supply 
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(Glass Tube Packed 
with Ground Glass) 
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Bed 

Sample 

High Capacity Tank 
TI - Temperature Indicator 

PI - Pressure Indicator 

FIGURE III-l Ammonia Adsorption 
Apparatus 
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Air flow (0.16 - 0.20 t 0.05 cfm) was measured by 

a calibrated mass flowmeter (Hastings Mass Flowmeter, 

serial no. 51, by Hastings Raydist, Inc., Hampton, 

Virginia and Hastings Mass Flow Transducer, serial no. 

55t by Hastings Raydist, Inc., Hampton Virginia). 

This meter could be checked and adjusted for a zero 

flow easily, and the meter never required more than 

a ten percent adjustment due to instrument drift. 

This is good considering the non-linear scale used to 

measure the flow. 

Air and ammonia were mixed in a tee (all tubing 

and fittings are i inch 3l6 stainless steel by Swagelok 

unless otherwise specified) approximately 13 linear 

feet from the adsorber. Prior to mixing, the ammonia 

was stored under pressure in am aluminum tsmk about two 

feet high with an inside diameter of nine inches. The 

transfer lines from this tank to the mixing tee were of 

glass. Teflon, and stainless steel. A i inch three way 

valve was provided just downstream of the mixing tee. 

The fixed support for the adsorber was made of 

21.5 ° 22.0 mm inside diameter glass tubing, an alumi

num adsorber support plate and Teflon packing tinder 

the support plate. An excellent glass on steel seal 
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was provided by nominal one inch Teflon Swagelok fer

rules at each end of the glass tube. Given a few 

minutes to "set", the seal showed no leaks at the 

pressures encountered in this study. 

Thermostatic conditions were maintained in the 

adsorber by a constant temperature bath (Sargent Ther-

monitor Model ST, serial no. 8317 by E.H. Sargent and 

Company and Heater and Circulator for Thermostatic 

Baths, serial no. 3655c by Sargent-Welch Scientific 

Campany). The bath was used only for the lOO^F adsorp

tion runs and the temperature control here was excel

lent with no noticeable variations. A coil of tubing 

was placed in the bath and upstream of the adsorber to 

insure that the bath temperature was the same as the 

air-ammonia temperature entering the adsorber. 

Valves, pressure indicators (PI), thermometers (TI), 

and sample ports were located strategically throughout 

the process in order to maintain steady flows, and to 

monitor the temperature and ammonia concentrations into 

and out of the adsorber. 

All materials used in this study were tested and 

found to be chemically inert to parts per million con

centrations of ammonia. This was determined by passing 
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a known parts per million concentration of ammonia 

through the empty system and ascertaining that the 

inlet and exit ajnmonia concentrations were the same. 

System Flows 

Compressed air from the air header flowed first 

through the regulator, through the silica gel bed, 

(Figure III-l), then through the mass flowmeter, and 

finally to the air-ammonia mixing tee. From there the 

air-ammonia mixture went either to vent or through the 

adsorber bed depending on the position of the three 

way valve. This procedure allowed the concentration 

of the air-ammonia mixtures to be adjusted before 

starting an adsorption run. 

The flow of the ammonia prior to its arrival at 

the mixing tee is interesting. Reference to Figure 

III-l shows that this section consists of a holding 

tank, stainless steel tubing, a pressure guage and a 

short length (11 inches) of glass tubing packed with 

ground glass. Glass tubing packed in this manner 

offers a high resistance to flow. If ammonia flow out 

of the holding tank is very slow, the pressure ih the 

tank is essentially constant. Pressure difference is 

the driving force for flow so that if the pressure in 
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the tank stays constant, the flow out of the tank will 

be constant also. This is to say that if the total 

flow over a given time interval is small with respect 

to the total volxime, then the flow over this interval 

will be constant (Constant tank pressure was observed 

with a 0.5 psig variation at a total tank pressure of 

20 to 40 psig over a two to four hour period. Whenvthe 

holding tank pressure did get low it could be repres-

surized from a liquid ammonia supply.). Therefore, for 

a given air flow, a constant parts per million ammonia 

concentration could be maintained after the mixing tee 

with a minimum of effort. 

Experimental Procedure 

For at least 48 hours prior to making a run, the 

copper sulfate impregnated silica gel was precondi

tioned by putting it in the adsorber and flowing process 

air over it. This was done so that the silica gel was 

properly acclimated to the air and so that any observed 

changes during an adsorption run were solely due to the 

presence of the ammonia. Weight changes in the silica 

gel were under 0.02 grams for this preconditioning step. 

Just prior to starting a run (after preconditioning) 

the air flow was diverted to the vent and the ammonia 

holding tank was pressurized using a lecture bottle of 
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liquid ammonia. After the concentration of ammonia in 

the air-ammonia mixture had reached steady state in the 

vent line, this vent was sampled to determine the par

ticular concentration. If the ammonia concentration was 

not acceptable for the particular run, ammonia vapor was 

bled from or added to the holding tank (thereby lowering 

or raising the holding tank's pressure). If the ammonia 

concentration was acceptable, the flow was directed into 

the adsorber, the timer (by Precision Scientific Company, 

catalog no. 69230) was started, and a sample of the 

effluent from the adsorber was taken. 

Samples of adsorber exit and inlet gas flows were 

taken (in the ratio of four or five to one) on a rapid 

basis at the start of a run. As the bed became satu

rated with ammonia, the rate of change of exit concen

tration with time decreased suid samples were taken less 

frequently. 

System variables, such as air flow and bath tem

perature, were monitored and recorded approximately 

every 60 minutes. A given run was considered over 

when the exit concentration approached within ten 

parts per million of the inlet as this was considered 

to be within the accuracy of the analysis. 
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After a run was completed, the adsorbent bed was 

removed, weighed, and stored. The empty system was then 

flushed with pure air for at least one hour to desorb 

ammonia from the system and thereby to start the next 

run with an ammonia free system. 

Gas Analysis 

Samples at the bed entrance and at the exit from the 

adsorber were analyzed for ammonia using Nessler's Rea

gent (38). Samples were removed by gas syringe through 

silicone rubber septa, 

A periodic check of the entire gas stream was made 

using a Varian Aerograph gas chromatograph (serial no. 

00210820) equipped with a column packed with approxi

mately nine feet of Poropac Q packing. This chromato

graphic check was made to determine if any oxides of 

nitrogen were being formed in the adsorber bed. 

Nessler's method (38) involves a reaction between 

a particular reagent and the nitrogen in the ammonia 

(See Appendix C for the chemistry of the Nesslerization 

reaction.). A color change results and this color chsuige 

is proportional to the ammonia concentration. If 

^This method is, then, a colorimetric one sind a Bausch 
and Lomb colorimeter (serial no. 2B4243) was used in 
this work. 
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percent transmittance as read from a colorimeter is 

plotted versus ammonia concentration on semi-log paper, a 

straight line results (in the range of applicability of 

Beer's Law (23)). Once this straight line relationship 

is determined (by the Teflon permeation tube method dis

cussed below) the ammonia concentration of a given sample 

is easily found if its percent transmittance is known. 

With the above remarks in mind, the sampling pro

cedure was as follows. Four milliliters of distilled and 

deionized water were drawn into a 50 milliliter polyethy

lene gas syringe. The syringe was inserted into the sep

tum at the sample point and 46 milliliters of gas sample 

were withdrawn. The syringe was shaken for at least one 

minute to insure that the ammonia in the gas was absorbed 

into the water. 

The water was then transferred tc a cuvette and two 

milliliters of Nessler's Reagent (Betz Company Reagent» 

no. 246, diluted five times with water) were added. 

After shaking and standing for ten minutes to allow the 

color to develop comp^etexy, the transmittance of the 

sample was determined relative to a blank (at a trans

mitting wavelength of 420 m P) * 
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The blsink was prepared using four milliliters of 

water and two milliliters of the diluted Nessler's 

Reagent. The colorimeter was adjusted to read zero 

percent transmittance with no sample in place and 100 

percent transmittance for the blank. Frequent adjust

ing of the 100 percent transmittance on the blank and 

frequently replacing the blank helped reduce the drift 

error in the colorimeter and error caused by the fading 

of the blank, respectively. 

Reagent Calibration Using Permeation Tubes 

The properties of the Teflon permeation tube, its 

preparation, and limitations are discussed fully by 

Howard (18). In the present case, a nominal J inch 

Teflon tube about seven inches long was cooled below 

the normal boiling point of ammonia in a liquid nitro

gen bath. Liquid ammonia from a lecture bottle was 

poured into the tube and the tube ends were sealed. 

The tube was then removed from the nitrogen bath. 

After saturation, ammonia diffuses through the 

tube walls at a rate dependent (for a given tube geom

etry) on the ammonia vapor pressure (18)« This dif

fusion rate can easily be determined by following the 

tube weight loss. If such a tube is placed in an air 
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stream maintained at constant temperature, accurately 

known ammonia concentrations (in the parts per million 

range) can be obtained. This is the method used to 

obtain the different ammonia concentrations needed to 

determine the relationship between transmittance and 

ammonia concentration. 

To obtain the calibration data, a Teflon tube 

prepared as above was placed in a larger tube and the 

whole assembly was placed in a constant temperature 

bath. Air flowed through the larger tube and on to 

a calibrated wet test meter (Figure III-2). Both 

the air flow rate and the bath temperature were varied 

in the course of gathering the calibration data, Sam

ples of the air=-ammonia mixture were taken in the same 

manner as that used when making an adsorption run. 

The calibration curve obtained is shown in Figure 

111=3. The straight line plot shown was obtained 

from a least squares (36) fit of Beer's Law (23) to 

the experimental calibration data. Each point on the 

line represents a duplicate sample. The variation 

at each point was roughly one percent transmittance. 
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FIGURE III-2 Nessler's Reagent Calibration 
Apparatus 
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FIGURE III-3 Plot of Ammonia Concentration 
vs Percent Transmittance 
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Preparation of silica Gel Impregnated 

with Copper Sulfate 

Silica gel in the form of Mobil Oil Company's 

Sorbead R was treated with an aqueous solution of cop

per sulfate, allowed to come to equilibrium with the 

solution, and then dried in an oven. Particularly, 

the procedure was as follows: 

100 grams of CuSO^ • 5H2O (from batch 34385 of 
J.T, Baker Company) were dissolved in 200 milli
liters of distilled water to give an unsaturated 
solution of copper sulfate in water (some heating 
required). About 200 milliliters of Mobil Sorbead 
R was added to the solution. About four hours, 
with stirring, was allowed for the system to come 
to equilibrium. The Sorbeads-copper sulfate solu
tion was then vacuum filtered and dried in an oven 
at 350-450OF. Finally the beads were crushed to the 
14 to 16 mesh size used in the study. 

Untreated Mobil Sorbead R is the characteristic off white 

of silica gel. The treated beads took on a light green 

hue. 

Pertinent Properties of the Copper Sulfate 

Impregnated Silica Gel Used in this Study 

Since no data were available on this material, all 

physical properties were either calculated or measured 

as part of this studyo A summary of these properties 

is given below (Any calculated property is based on a 

circular geometry unless otherwise specified,). 



TABLE III-l 

ADSORBENT PROPERTIES 
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Total void fraction 
(measured) 

External void fraction 
(measured) 

Density 
(measured) 

Particles per gram 
(measured) 

External area per gram 
(calculated) 

Particle "diameter" 
(measured) 

0.61 t 0.03 

0.325 t 0.02 

- 51. t 0,2 lbs»,/ft3 
m'' 

313c t 10 

0.0717 t 0.0002 f t V g 

0.0724 t 0.004 in 
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The Sorbead's void fraction was determined using 

benzene as the displacing liquid, A sample of Sorbeads 

was placed in a graduated cylinder and the level volume 

recorded. Then benzene was added (Benzene was used 

because it does not adsorb on silica gel strongly enough 

to cause thermal cracking of the gel.) to some level in 

the cylinder (above the Sorbeads). The difference in 

volume between the Sorbeads and benzene was then sub

tracted from the total amount of benzene added. This 

adjusted volume of benzene added, divided by the volume 

of Sorbeads in the cylinder, represented the total void 

fraction of the Sorbeads. The experiment was repeated 

before the benzene in the Sorbead's internal pores had 

evaporated, and, therefore, the void fraction calcu

lated for the second experiment was the external void 

fraction. This procedure was repeated several times 

and an average void fraction was used in subsequent 

calculations. 



CHAPTER IV 

EXPERIMENTAL RESULTS 

Ammonia Saturation (Breakthrough Curves) 

Several bed saturation runs were made to determine 

the effect of inlet concentration, bed weight, tempera

ture, and gas flow rate on the shape of the ammonia exit 

concentration history (breakthrough) curve and to deter

mine the relationship between inlet concentration and 

equilibrium sorbent loading. Typical breakthrough 

curves are given in Figure IV-1 (the other breakthrough 

curves are presented later in this chapter or in Chapter 

VI). From this figure, it may be seen that at the start 

of a run, the rate of change of ammonia concentration 

with respect to time is high compared to that observed 

in the latter stages of a run. This means that for a 

given run, the exit ammonia concentration can reach 60 

to 70 percent of its final value in as little as 25 to 

30 percent of the time required to complete a run. This 

characteristic is, however, a function of gas mixture 

residence time in the bed. 

The basic shape of the breakthrough curve was not 

a function of the system variables over the range 

39 
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studied. A limiting value for any of the variables, 

flow, inlet concentration, temperature, or bed length 

would probably effect the shape, however, 

A color interface (aqua to dark blue) traversed 

the bed early in each run. Bed exit ammonia concen

trations were under 20 percent of the inlet concen

tration during the traverse. Behind the interface, 

the blue color continued to become more intense until 

the end of a run. As may be seen from Figure IV-1, 

there was no discontinuity in the breakthrough curve 

as the interface reached the end of the bed. 

Bed Capacity Calculations 

A graphical integration technique was used to 

calculate adsorbent capacities. If the plot of exit 

ammonia concentration versus time is graphically inte

grated and the resulting number divided by total run 

time, the time averaged exit ammonia concentration is 

obtained. Since the inlet ammonia concentration is 

held constant, the difference between the inlet and 

average exit concentrations is the average ammonia 

concentration adsorbed. This concentration in mols 

per ft-̂  can be multiplied by the total run time and 

the flow rate to give the mols of ammonia removed 
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during a run. Since the amount of material in the bed 

is known, the bed capacity in grams of ammonia per gram 

of bed may be calculated. 

Summary of Experimental Results 

Bed saturation runs were made at temperatures of 

72°F and lOO^F. Air flow rates ranged from 0.164 cfm 

to 0.202 cfm while ammonia inlet concentrations went 

from 90 ppm to 520 ppm and bed length ran from two to 

eight cm. Fresh adsorbent was used m all runs except 

Run 24R. 

The sorbent for Run. 24R was the same sorbent used 

in Run 24. The material from Run 24 was regenerated 

in an oven at 385 t 5°F for five days. A plot of exit 

ammonia concentration against time for both Run 24 and 

24R is shown in Figure IV-2, A summary of all runs is 

given in Table IV-1, 

The gravametric capacity listed in Table IV=1 is 

the difference of the bed weight after and before a 

run divided by bed weight before a run. From Table IV-1, 

it can be seen that calculated bed capacities are uni

formly higher than the gravametric capacities. This, 

coupled with the observed color interface and the fact 

that no compounds other than air and ammonia were 
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TABLE I V - 1 

VARIABLES IN AMMONIA ADSORPTION RUNS 

Run 
no. 

21 

22 

24 

24R 

25 

26 

27 

28 

« « 

30 

Air 
flow 
cfm 

0.18 

0.176 

0.187 

0.18 

0.202 

0.176 

0.177 

0.17 

0.186 

Inlet 
•NH3 
cone., 
ppm 

290 

150 

325 

325 

520 

90 

215 

235 

440 

Bed grava-
metric 
capacity 
g NH3/g bed 

0,0250 

0.0184 

0,0249 

0.0150 

O0O254 

0.0135 

0.0193 

0.0110 

0.0100 

Calculated 
capacity 
g NH3/g bed 

0,029 

0.021 

0.027 

0.022 

0.030 

0.016 

0.022 

0.009 

0.012 

Bed 
Temp°F 
t 20F 

72 

72 

72 

72 

72 

72 

72 

100 

100 

32 0.164 210 - 0.008 100 

Pressure drop across bed cc Qc2 in Hg guage. 

*Run 23 scrapped because of experimental error. 

*:- Runs 29 and 31 were made on a diffetent sorbent. This 

sorbent (Hambeads) was investigated in order to satisfy 

a NASA contract and will be teported in a final report» 
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detected (no attempt was made to analyze for water) in 

the bed effluent, leads one t'̂  consider that some chemi

sorption was taking place in the bed. A specific chemi

cal reaction which would give such results is the re-

placement reaction (39): 

CuSO/̂  • 5H2O + 4NH3 t CuSOij, • 4NH3 =f 5H2O 

The characteristic color of CuSÔ ^ • 4NH3 is dark blue. 

Runs 24 and 24R are interesting. Adsorbent from 

Run 24 was regenerated at 385^F. Yet at these rather 

mild conditions (4, 5) the adsorbent regenerated to a 

surprising 80 percent of ,the fresh adsorbent's capa

city based on calculated bed capacities. At more 

severe conditions, perhaps 500^F, the adsorbent would 

likely be regenerated to an even higher fraction of 

the original capacity. 

ix)ilibrium Equation Development 

An equation relating bulk gas ammonia to equili

brium ammonia adsorbed at constant temperature is im

portant both in the development of a mathematical 

model for the system and in predicting the capacity 

of a given bed as a function of inlet concentration. 
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Of several well known isotherm equations available 

(Freundlich, BET, or Langmuir) the Langmuir equation 

was chosen because of its mathematical simplicity and 

because it gave a good least squares (36) fit to the 

experimental data at both temperatures studied. Fig

ure IV-3 shows the least squares Langmuir isotherm 

equations superimposed on the experimental points at 

both 72 and 100 F. As can be seenj, the correspondence 

is quite good over the whole experimental range, 

Isostere Analysis 

Isosteres (Chapter II) were plotted (Figure IV-̂ 4) 

for this system at three adsorbent loadings. The data 

for the plots were obtained from the isotherm equations 

and not from the experimental points. (The loadings 

used wereo however, within the range of the experimen

tal sorbent loadings.) The data for the plots were 
V. 

generated using equation II-l5* This equation is valid 

for both 72 and 100®F (with the proper temperature 

dependent constants). Therefore a given sorbent loading 

and the appropriate constants can be substituted into 

the equation and the free stream concentration at both 

temperatures can be calculated. 
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In Figure IV-59 ammonia vapor pressure is plotted 

against inverse absolute temperature on semi-log coor

dinates at vapor pressures of from five to 60 mm Hg. 

The data for this plot is taken from thermodynamic 

charts for ammonia. 

Since the latent heat of adsorption is directly 

porportional to the negative slope of the isosteric 

plot (Chapter II), this latent heat of adsorption can 

easily be calculated from Figure IV-4. Also, since 

the latent heat of condensation is directly propor

tional to the negative slope of the vapor pressure 

plot, this latent heat can be calculated from Figure 

IV-5. These calculations indicate an average latent 

heat of adsorption of about 40,000 btu/mol and a 

latent heat of condensation of about 11,000 btu/mol. 

(The latent heat of condensation compares very favor

ably with the value in Perry's (28),) This means 

that, because of the higher heat of adsorption, chem

ical reaction is probably taking place during the 

adsorption and is, therefore, contributing to the 

adsorption. 
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CHAPTER V 

MATHEIvlATiCAL MODEL DEVELOPF^NT 

As stated in Chapter II, the adsorption process 

can be limited by any (or any combination) of three 

resistances. These resistances were listed as bulk 

phase mass transfer, pore diffusion, (in the case of 

a porous adsorbent) and surface adsorption. Of these, 

the bulk phase mass transfer limiting case is the most 

straightforward because suitable correlations exist 

for calculating the mass transfer coefficient (9, 35, 

40). 

Bulk Phase Mass Transfer Limiting Model 

If bulk phase mass transfer limits the ads{?rption 

rate, the following equations, which were developed in 

Chapter II, are pertinent. 

- v | r j , = B̂ I T J , *« tv-i) 

R = Pa I T ^^-2) 
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R = Kg Ag Pg CC - Cj) 1 (V-3) ^^ 

Also, since it is assumed in this model that the pore 

diffusion and surface adsorption resistances are negli 

gible and therefore, that equilibrium surface loading 

is equal to instantaneous surface loading, it can be 

written that: 

c^= — y — = — ! ! § _ _ cv-4) 

A cursory inspection of the equations shows that they 

do not have a simple analytic solution (18). However^ 

the equations do lend themselves readily to machine 

computation. Numerical work of this sort requires 

discrete sized increments in time and bed distance 

and, therefore, double subscripts are required for 

the concentration variables. 

^Equation 3 implies that the adsorption rate is a 
function only of bulk phase diffusion. However, this 
cannot be the case because each step in the adsorption 
process has a finite resistance associated with it. 
Writing the rate expression as equation 3 means then, 
that for this mode!, the bulk diffusion step is the 
only significant resistance encountered. Analogous 
arguments apply to rate expressions involving either 
of the other two adsorption steps. 
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Finite Difference Representation of Model Equation 

Equation V-1 can be written in backwards difference 

form as: 

• •SI^'^l.j-Ci.i.j)= ^CS.a-S.j-i)*^j (v-5) 

Solving for Ĉ  A gives? 

.̂J V . ̂ B 
AZ "" AT 

The defining expression (Equation II-3) f°or the adsorp 

tion rate can also be written in difference form: 

"& 

^,r- ^ ("i.r«i.j-î  ^'-'^ 

For this mass transfer limiting case, the rate of adsorp

tion can also be expressed as: 

R. . - K. A. Pn (C.. .-Cc ) CV-8) 



5^ 

but using the above (Equation V-4) isotherm equation: 

W. 
C = LL2 (v-9) 
i .j A^ - BgW. ̂ . 

gives 

AT A B l,j 

solving for Cĵ  ̂  gives: 

c. . = 

"i.r"i..i-i "i.j 
T̂ * ^ ^ \- h^i ..1 

S ^ 

Since 

equation V-6 can be written as: 

(v-r) 

^i.r' ^'^i.j-"i.j.iJ (̂ -̂ ^̂  

(V-13) 

J/ ^B ^B 

1.J ^ 
.7 + ̂ B 
^^ A 
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If the assumption can be made, that Ĉ  ^ 1, Ĉ  i ̂ , 
1»J ~i 1—1,J 

and ^i^j-i are known at some initial Z and T then 

equations V-11 and V-13 can be solved for Cĵ  4 and 

W* • 

Computational Method 

A gridwork can be constructed with ordinate of 

time and abscissa of bed length (Figure V-1). One 

can also imagine a bulk gas concentration axis per

pendicular to the plane of the paper. That is, each 

point on the time-distance grid has associated with it 

a bulk gas concentration (and an adsorbent surface 

concentration). An examination of this grid shows 

that at any time, the bulk gas concentration at the 

front of the bed is the inlet concentration or: 

Cr A = C. 1,. for all T > 0 (V-14) I, J inlet 

Also, initially, for any position in the bed, the bulk 

gas concentration and the surface concentration (loading) 

are zero or: 

î 1 '̂  î 1 * ̂  ^®^ T = 0, 0 <, Z <.Total bed length 

(V.15) 
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Therefore, all values of Ĉ ^̂ ^ and W^ . on the ordinate 

and abscissa of the computational grid are defined. 

Taking the grid position 2 - 2 first (Figure V-1), 

^i,j-l» ^i,j-l» ^^^ ^i-l»0 ^^® -̂̂-̂  known and for this 

2 - 2 position, Cĵ ĵ and W^ . can be calculated using 

equations V-11 and V-I3. Obviously if the 2 - 2 posi

tion is known, the 2 - 3 position can be solved for 

^i,j ^^^ ^i,j' ^^^^ ^ march down the bed at constant 

time is clearly defined. Once the end of the bed is 

reached, Cĵ 2̂ ̂ ^^ ^i 2 ^^® known and C^ 3 and W^ ^ can 

be calculated. This process can be continued until 

the entire time-length grid has been covered. 

A Fortran IV computer program was written based 

on the above technique. Inputs to the program are 

the experimental parameters (Appendix A) such as inlet 

ammonia concentration, gas flow rate, bed height, and 

run duration. Also required as input are such con

stants as adsorbent particle size, apparent bulk den

sity, surface area per gram of adsorbent and the experi

mentally determined Langmuir isotherm constants. The 

mass transfer coefficient is calculated within the 

program based on a correlation by Satterfield (25). 

Other important variables such as gas superficial velo

city are also calculated within the program. Program 
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outputs include the calculated mass transfer coefficient 

(Appendix B) and bulk phase gas concentrations, adsorbent 

surface concentration and adsorption rate, all as fimc-

tions of time and distance down the bed. Another program 

output is a machine plot of bulk phase gas concentration 

versus bed length at constant time for several fractions 

of the total run time (Appendix A is a listing of the 

pro -c.:. , ) , 

Of special interest is the portion of the program 

in which equations V-11 and V-13 are solved by trial and 

error. The Langmuir isotherm equation is part of the 

solution and, because of the odd shape of this equation, 

special care must be exercised so that one always operates 

in the first quadrant of the Langmuir equation. ^i,i 

and W- • must always be positive in a real system. Due 
•'•to 

to the asympotic nature of the equation, it is easy for 

the solutions to equations V-11 and V-I3 to be outside 

the first quadrant, particularly, since equations V-11 

and V-13 are solved by trial and error. Solutions to 

equations V-11 and V-I3 outside the first quadrant can 

be convergent but highly misleading. 
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Surface Adsorption Limiting Model 

Several other expressions relative to the adsorp

tion rate (Equation V-3) have been proposed (13). 

However, the one most applicable to this study is the 

one introduced in Chapter II (Equation II-6) and re

written here for convenience: 

R = YK (Ŵ  - W) (V-16) 

Equation V-16 is similar to equation V-3 in that both 

contain a driving force in terms of a concentration 

difference and a coefficient which is inversely propor

tional to the resistance encountered in that particular 

step. However, the term (Wg - W) is proportional to 

the number of available adsorption sites on the surface 

(37) and, therefore, the adsorption rate expression for 

this model assumes that surface adsorption offers the 

only significant resistance to adsorption. This rate 

expression can be used as was equation V-8 above. 

One other step is necessary when using equation 

V-l6 because Wg is a function of the local bulk ammonia 

concentration. Since in this model the surface adsorp-
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tion resistance is assumed to be much greater than the 

bulk diffusion or pore diffusion resistances, it can 

be written that: 

C = C3 tV-17) 

It has been previously stated that Cg is ftmction-

ally related to the surface concentration by the Lang

muir equation. Therefore, it follows that: 

CA» 
Wp » i ^ (V-18) 

1 + CB3 

where AA and Bg are Langmuir constants. 

New expressions for Ĉ  A and W« • can now be 
l o J 1 , J 

developed based on the above discussion but using 

the same computational sequence as before. The new 

expressions are (in computational order): 

W = ^•'''J ^ CV-19) 

YK Wc + ̂ B W. . 1 

AT ' YK 
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V ''B B̂ 
C, 1 . AZ 

A I A ^ 

M . . i ^ * S.^i-1 ^ •^^"l..i-"l..i.l> 'V-21) 

As presented, equations V-19p 20, and 21 can be 

solved in a straightforward manner without the trial and 

error that was necessary with the bulk diffusion model. 

The results of all of these model studies are pre

sented in Chapter VI. 



CHAPTER VI 

MATHEMATICAL MODEL RESULTS 

Bulk Phase Mass Transfer Model 

The first model studied was the bulk phase mass 

transfer controlling model. This model assumes that pore 

diffusion and surface adsorption resistances to adsorp

tion are very small and insignificant to the overall 

adsorption rate. This model can be reduced to two equa

tions and two unknowns as shown by equations V-11 and 

V-13. Therefore, this model has a straightforward 

solution. 

A plot of exit ammonia concentration versus time 

as predicted by the mass transfer model is given in 

Figure VI-1. Superimposed on this plot is the experi

mental data for Run 21. From this figure, it is seen 

that the mass transfer model predicts a much faster 

saturation of the adsorbent than actually occurs. This 

is not surprising when one considers the computed mag

nitude of the mass transfer coefficient. A mass trans

fer coefficient of 1000 - 1200 ft/hr is considered 

quite large by most sources (35) and would lead to an 

early saturation of the bed. 

62 



32 5 

63 

e 300 
ft 
ft 

• 2751 c o 
-^ 250 
(d 
u 
c 225 
o 
§ 200 
o 

.2 175 
c 
o 
I 150 
< 

X 

" 100 

75 

50 

25 

0 t i 
0 1 

- Experimental Points 

- Predicted Curve 

4 5 6 7 8 9 10 11 12 

Time, Min. x 10 -2 

FIGURE VI-1 Predicted Breakthrough Curve for Run 21 
with Bulk Phase Mass Transfer as the 

Controlling Resistance with 
Experimental Points 

K = 1100. t 20^ ft/hr 



64 

Since the computed mass transfer coefficient is 

subject to some error„ the model was also run for values 

of 120 percent and 80 percent of the computed mass trans- • 

fer coefficient. Differences in the three computer runs 

were insignificantly small and therefore the breakthrough 

curves predicted by the runs with high and low mass trans

fer coefficients were not shown in the figure. 

Useful information can, however, be gleaned from 

this model. First, both the size of the mass transfer 

coefficient and the shape of the predicted breakthrough 

curve indicate that the resistance to bulk phase mass 

transfer is small and is probably not a significant 

factor in the overall adsorption process. Also, the 

basic modeling procedure is sound and convergent. This 

was determined by running the program several times 

until the results indicated that the model gave con

sistent answers which are neither time nor length depen

dent. Time and length increments were varied over a 

range of one half to twice the basic time and length 

increments with negligible change in the final results. 

The trial and error nature of the solution to the 

mass transfer equations (Equations V-11 and V-13) 

necessitates using computer search techniques not gen

erally needed in adsorption calculations (a search 
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procedure outlined in Murrill and Smith (27) was used 

here). Since this procedure was required in only the 

mass transfer model, it was incorporated in a subpro

gram (SUBROUTINE SEARCH) which is given in the appendix 

as part of the general computer program. 

^rfac/- Adsorption Mode 1 

Figures VI-2 throug*h VI-5 are plots of calculated 

ammonia exit concentration for the surface adsorption 

controlling case versus time for all runs except Run 

24R. Superimposed on the plots are the experimental 

data for those rims. The agreement is quite good on 

all runs^ except Run 25. This agreement between cal

culated and experimental points suggests that, over 

the range studied, surface adsorption, by the proposed 

mechanism, is the controlling resistance to adsorption. 

From the Figure, it can be seen that the observed 

adsorption rate for Run 25 is higher than the predicted 

rate. Aside from this, the predicted breakthrough curve 

The constant YK of equation V-l6 was determined by 
trial and error. In this trial and error, the sum of 
differences between calculated and experimental points 
(at constant time) squared was minimized. The YK shown 
in the figures was selected when YK's 25 percent higher 
and 25 percent lower gave higher sums of squares. A 
five percent change in YK produced a negligible change 
in the shape of the breakthrough curve. 
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does show that the adsorbent bed does become saturated 

and has the same basic shape as the observed points. 

For these reasons, the poor correspondence between 

observed and predicted points is probably due to experi

mental error. 

Adsorption Constant and the Arrhenius Equation 

One would anticipate that the constant YK of equa

tion V-l6 could be related to absolute temperature by 

an equation of the Arrhenius form: 

E' 

YK= K' e ^ V CVI-1) 

where V = experimentally determined constant with 

units of btu/mol 

H* = experimentally determined constant with 

tffiits of lbs/ft^ hr 

R - gas constant9 btu/mol ®R 

T' = absolute temperature, °R. 
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To estimate these constants, YK must be available at 

a minimum of two temperatures. Based on the data at 

72 F and lOO^F, the Arrhenius constants were found to 

be: 

13 H' - Zo2 X lO*"̂  lb/ft3 hr 

V = 29,000 btu/mol 

Since data were collected at only two temperatures, 

the validity of these constants cannot be checked. 

However9 Daniels and Alberty (10) have considered 

similar reactions (first order) and obtained values 

of H' and E* of the same order of magnitude. 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

Copper sulfate impregnated silica gel compares 

favorably with other ammonia adsorbents. Work pub

lished by the National Aeronautics and Space Admini

stration (30) showed that acid impregnated charcoal 

had an ammonia capacity of 0.025 g NH3/g bed at a bulk 

concentration of 1000 ppm ammonia in oxygen. Other 

NASA work (17) showed Hamilton Standard's "Hambeads", 

also a chemically treated silica gel, to have a car

rying capacity of 0.020 g NH3/g sorbent at a bulk 

concentration of 300 ppm at 72°F. The capacity of 

copper sulfate impregnated silica gel at 72^F ranges 

from 0.0164 to O.O3O g NH3/g sorbent as bulk ammonia 

concentration goes from 90 to 520 ppm. 

Chemical reaction is an important part of the 

adsorption. This may be seen from the isostere plot 

which shows that the heat of adsorption is about three 

times the heat of condensation of ammoniac The fact 

that the gravametric capacity of the silica gel is less 

than the calculated capacity reinforces the idea of a 

72 
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chemical reaction. The most probable chemical reaction 

is the replacement of the water of hydration in the 

copper sulfate with ammonia (39). This also accounts 

for the observed color change. 

Surface adsorption is the adsorption rate controlling 

step. The driving force for this step is the difference 

between localized equilibrium loading and true loading. 

This is supported by the fact that the adsorption model 

based on this rate step correctly predicts the shape of 

the ammonia concentration history curve (Chapter VI). 

The equilibrium capacity of the copper sulfate 

impregnated silica gel for ammonia can adequately be 

predicted as a function of inlet bulk ammonia concen

tration using the Langmuir isotherm equation. This is 

seen by the good fit of the equilibrium data to the Lang

muir equation and by the good results obtained using 

this equation in the mathematical model. 

The copper sulfate impregnated silica gel can be 

regenerated to 80 percent of its original capacity using 

a mild regeneration temperature (385°F), This is shown 

by experimental Run 24R. It is probable that, at this 

temperature, only the ammonia held by Van der Waals 

adsorption is released. If harsher regeneration con

ditions had been used (450-500°F), the adsorbent might 
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have been regenerated even more. At these higher 

temperatures, the physical adsorption would be almost 

completely reversed and the chemically adsorbed ammo

nia would begin desorbing (4). 

Recommendations 

The adsorption experiments here were conducted 

at relatively mild temperatures (720F and lOO^F) where 

physical adsorption and chemical reaction were both 

important. A study conducted at a higher temperature, 

perhaps 200®F, would vastly reduce the effect of the 

physical adsorption and the chemical reaction could 

be more easily studied. 

Also, a study of the air-ammonia-copper-sulfate 

impregnated silica gel system with relative humidity 

as a variable would be interesting. The competing 

effects of high water vapor partial pressure and the 

surface catalized reaction to ammonium carbonate could 

be studied. The shape of the breakthrough curve might 

be greatly altered along with the ultimate ammonia 

capacity of the system. 

Finally, any future work should include break

through carves obtained at three temperatures at 



15 

least. This would permit a higher level of confi

dence in the data obtained from the isostere plot and 

the Arrhenius equation. 
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NOMENCLATURE 

AA = input variable to computer program, constant 

in Langmuir isotherm equation, corresponds to 

A^ in body of thesis, ftVlb 

A^ = experimental constant in Langmuir equation, 

ftVlb 

A^ = external area of adsorbent, ftVlb 

APG = input variable to computer program, area per 

gram of sorbent, ft^/g 

BB = input variable to computer program, constant 

in Langmuir isotherm equation, corresponds to 

Bg in body of thesis, ftv^ol 

Bg = experimental constant in Langmuir equation, 

ftVmol 

C = concentration of adsorbate in bulk gas phase, 

moIs/ft^ 

Cggrp = dimensionless constant in BET equation 

CIN = input variable to computer program, bed inlet 

ammonia concentration, ppm 

Cp - concentration of adsorbate in pore, mols/ft-̂  

CQ = adsorbate concentration in equilibrium with 

solid surface, mols/ft-̂  
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DIAP = input variable to computer program, diameter 

of adsorbent particle, inches 

DIAT = input variable to computer program, bed dia

meter, cm 

DIFF = input variable to computer program, mass dif

fusivity, ftVhr 

EPS = input variable to computer program, bed external 

void fraction, dimensionless 

E' = constant in Arrhenius equation, activation 

energy, btu/mol 

FLOW = input variable for computer program, gas flow 

to bed, ftvmin 

F(P) = some non-linear function of partial pressure, 

moIs/ft^ 

H' ~ experimental Arrhenius constant, Ib/ft^ - hr 

i = subscript denoting length axis in the backwards 

difference expressions 

j = subscript denoting time axis in the backwards 

difference expressions 

K = proportionality constant for linear isotherm, 

mols/lb - in. Hg 

K = bulk gas phase mass transfer coefficient, 
o 

ft/h r 
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P = partial pressure of adsorbate in gas phase, 

in. Hg 

PQ = vapor pressure of adsorbate, in. Hg 

PPG = input variable to computer program, particles 

of sorbent per gram of sorbent 

PROP = input variable to computer program, proportion

ality constant for use in SUBROUTINE SEARCH 

q = latent heat of phase change in Clausius Clapeyron 

equation, btu/mol 

R - bed radius, ft 

R = adsorption rate, mols gas/ft^ solid - hr 

r = radius of particle, ft 

Rg = universal gas constant, btu/mol ®R 

RHO = input variable to computer program, apparent 

bed density, lbs/ft-̂  

RHOA - input variable to computer program, density of 

air, lbs/ft^ 

RHON - input variable to computer program, density of 

ammonia, lbs/ft-̂  

T = time, hr 

T' = absolute temperature, ®R 

TIME = input variable to computer program, simulated 

time of run, min 

V = gas phase superficial velocity, ft/hr 
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VISA = input variable to computer program, viscosity 

of air, cp 

VISN = input to computer program, viscosity of ammonia, 

cp 

W = adsorbate loading on solid, mols adsorbate/lb 

adsorbent 

Wg = equilibrium surface concentration, mols/lb 

WINF = input variable to computer program, equilibrium 

sorbent loading based on inlet concentration, 

for use when this loading is not internally 

adjusted, mols/lb 

Wjyj =s monomolecular coverage of adsorbent by gas, 

mols/lb 

XKL = input variable to computer program, number of 

length increments to be used in run simulation 

XKT ^ input variable to computer program, number of 

time increments to be used in run simulation 

YK - adsorption rate constant for surface adsorption 

rate controlling the adsorption, and input to 

computer program, Ib/ft-̂  hr 

Z = bed length, ft 

ZPR = input variable to computer, bed length, cm 

AH = latent heat of adsorption, btu/mol a 
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AT = finite difference increment along the time 

axis, hr 

AZ = width of differential element in gas phase 

material balance and length increment in 

numerical solution to mathematical model, ft 

r = pore diffusivity, ftVhr 

eg = adsorbent void fraction, dimensionless 

e_ ~ internal void fraction, dimensionless 

B apparent adsorbent density, lbs/ft-̂  
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C 
C PROGRAM TO CALCULATE AMMONIA CONCENTRATION AS A FUNCTI 
C ON OF TIME 
C AND DISTANCE IN A BED OF SORBEADS IMPREGNATED WITH COP 
C PER SULFATE 
C 
C FIRST CARD IS INFORMATION ON RUN NO., ETC USE ANY OF 
C 80 COLUMNS 
C ON CARD 
C 

IN=5 
I0UT=6 

C 
C DOUBLE PRECISION C(I,J), AND Wn,J) 
C 

00800IJAN 1,10 
DOUBLE PRECISIONCCIOO,11),W(100,11) 
DIMENSIONA(21),CP(100) 
READ!IN,10)(A(I),I=l,20) 

10 F0RMAT(20A^) 
WRITE!IOUT,20)(A(I),1=1,20) 

20 F0RMAT(IH1,20AA) 
C 
C READ IN SYSTEM VARIABLES 
C 

REA0(IN,AO)FLOW,CIN,ZPR,DIFF,DIAP,VISA,VISN,DIAT.RHOA, 
1RH0N,PPG,TIM 
1E,XKT,XKL,RH0,APG,EPS,AA,BB,PR0P,WINF,YK 
Z = ZPR 

^0 F0RMAT(5{F10.0,5X),5X) 
C 
C CALL SUBROUTINES FOR CALCULATING PARAMETERS 
C 

CALL VLCTY(FLOW,DIAT,VEL,TUBA) 
CALL VISC(VISA,VISN,CIN,FLOW,VIST) 
CALL MW(CIN,XMOL) 
CALL MASTRN ( DIFF, DIAP, VI ST, XKCIOUT, TUBA,EPS, FLOW.RHOA 
1) 
CALL AERA(APG.APP) 
KT==XKT 
KL=XKL 

C PRINT HEADINGS FOR C(I.A). W d . J ) , AND R(I,J) 

C 
WRITEUOUT.60) 

60 FORMATCIX,* C(I,J) W(I.J) 
I R( If J) - , 
1 LENGTH.FT. TIME,HRS. I 

1IME,MINS") 

C SET INITIAL PARTICLE CONCENTRATION EQUAL TO ZERO 
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C 

W(I,l)=0.0 

c 
C SET SIZE OF TIME AND LENGTH INCREMENTS 
C 

DELT=TIME/(XKT«60.) 
C 
C SET TIME COUNTER EQUAL TO TIME INCREMENT 
C 

XTIM=OELT 
DELZ=Z/(XKL«30.A8) 
KLM=KT/10 
D0130IX=1,KLM 
DOIAOJ=2,11 

C 
C SET LENGTH COUNTER EQUAL TO LENGTH INCREMENT 
C 

XLEN=DELZ 
D0120I=2,KL 
C(1,J)=CIN».000001/359. 

C 
C GO AROUND INITIALIZING STEP AFTER COMPLETING FIRST DO 
C LOOP ONCE 
C 

IF(XTIM.GT.DELT)G0T030 
W(l,l)=0.0 
C(I.l)=0.0 

30 WINF=tC(I-l,J)»AA)/(l.+C(I-1.J)»BB) 
W(I,J)=<YK»WINF^RHO/DELT»W(I,J-1))/(RHO/DELT+YK) 
C(I,J)=(<C(I-l,J)»VEL/DELZ)*(EPS/DELT»C(I.J-l))-(RHO/D 
1ELT»(W(I,J)-
1W{I,J-1))))/((VEL/DELZ)+(EPS/DELT)) 

C 
C CALCULATE R(I,J) 
C 

R=RHO/OELT»(W(I,J)-W(I.J-1)) 
C 
C 
C IF RED CONCENTRATION IS LESS THAN ZERO, SET THIS CONCE 
C NTRATION 
C TO ZERO 
C 

IF(C(I.JI.GT.O.)G0T070 
C( I,J) = 0. 
W( I,J)^0. 
R = 0. 

C CONVERT BACK TO SINGLE PRECISION 
C 

070 SC=CCI,J)*359./0.000001 
SW=W(I,J) 

C 



C PRINT VALUES FOR C(I,J), W(I,J), AND R(I,J) 
C 
C 
C PRINT OUT TIME IN MINUTES ALSO 
C 

TIMEX=XTIM»60. 
IF<I.E0.KL)WRITE(I0UT,50)SC,SW.R,XLEN,XTIM,TIMEX 

50 F0RMAT(1X,6(G15.8,7X)) 
C 
C INCREASE TOTAL LENGTH BY DELZ 
C 

XLEN=OELZ*XLEN 
120 CONTINUE 

C 
C INCREASE TOTAL TIME BY DELT 
C 

XTIM=DELT*XTIM 
140 CONTINUE 

C 
C RESET THE TENTH ROW TO THE FIRST ROW TO SAVE CORE SPA 
C CE 
C 

D0150IAB=2,KL 
C( IA8.1) = C(IAB.ll) 
W(IAB.1)=W(lAB.ll) 

150 CONTINUE 
C 
C CONVERT THE I-TH COLUMN AND THE 10-TH ROW OF THE LENGT 
C H AND TIME 
C ARRAY TO A ONE DIMENSIONAL ARRAY IN LENGTH 
C 

D0160IPL0T=2.KL 
160 CPC IPLOT)=C(IPLOT.l) 

C 
C PLOT CONCENTRATION VS BED LENGTH FOR EACH TEN TIME INC 
C REMENTS 
C 

CALL PL0T(CP.C(1,J),XTIM,Z,XKL,I0UT,DELZ,DELT) 
WRITE!I0UT,161) 

161 FORMAT(lHl) 
WRITE(I0UT,60) 
WRITE(I0UT.162)IX 

162 F0RMAT(IX.I3 ) 
130 CONTINUE 
190 CONTINUE 
800 CONTINUE 

CALLEXIT 
END 
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SUBROUTINE MASTRNtOIFF.OIAP,VI ST,XKG,IGUT,TUBA.EPS.FLO 
IM,RHO) 

C 
C CALCULATE MASS VELOCITY OF FLUID (G) IN LB(M)/(FT»»2«H 
C R) 
C ASSUMING THAT THE FLUID IS AIR (DRY) 
C 

XNEMR=FLOW»60.•28.86/359. 
G=XNEMR/TUBA 

C 
C CALCULATE A RENYOLDS NUMBER BASED ON THE CALCULATED G 
C AND A 
C SPHEREICAL PARTICLE GEOMETRY 
C 

REN=C0IAP/12.)»G/VIST 
C 
C CALCULATE A SCHMIDT NUMBER ON THE CALCULATED G AND A S 
C PHEREICAL 
C PARTICLE GEOMETRY 
C THE DIFFUSIVITY IS FROM MC CABE AND SMITH P990 AND IS 
C IN FT»»2/HR 
C 

SMDT=VIST/<RHO»DIFF) 
C 
C CALCULATE A MASS TRANSFER COEFFICIENT BASED ON EQ. 2.1 
C 0 IN SATTER-
C FEILD ASSUMING AGAIN THAT WE HAVE SPHEREICAL PARTICL 
C E 
C GEOMETRY 
C 

XKG=0.357*G/(RHO*(SMDT»»0.6667)»(REN*»0.359)»EPS) 
C 
C PRINT THE VALUE OF THE MASS TRANSFER COEFFICIENT 
C 

WRITE!IOUT.20)REN,SMDT 
20 FORMATdX, ' RENYOLDS NUMBER IS • , G 1 5 . 7 / I X , • SCHMIDT NUM 

IBER IS • ,G15 
1 .7 ) 

WRITE( I0UT,30)XKG 
030 FORMATdX, ' THE MASS TRANSFER COEFFICIENT IS ' . 6 1 5 . 7 . • 

IFT PER HOUR' 
I ) 

RETURN 
END 
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SUBROUTINE PLOT(CP.COO.XTIM.Z,XKL.lOUT.DELZ,DELT) 
DIMENSI0NCP(500),XLINE(101) 
DATA 00T,X,BLANK/IH.,1HX.IH / 

C 
C PUT A DOT IN EVERY POSITION AT THE TOP OF THE BED 
C 

00101=1,101 
010 XLINEI n=OOT 

XLINE(101)=X 
XTIM|=XTIM-DELT 
WRITE(I0UT,7)XTIMI 

007 FORMATIIHI.'PLOT OF AMMONIA CONCENTRATION VS BED LENGT 
IH. TIME IS • 
1,F12.7,' HRS') 

C 
C WRITE DOWN THE VERTICAL CONCENTRATION AXIS 
C 

WRITE(I0UT.20)XLINE 
020 FORMATd^X.'0.0 '.lOlAD 

C 
C BLANK THE LINE 
C 

00301=1,101 
030 XLINEd) = BLANK 

XLINEd) = DOT 
LEN^XKL 
IFIXKL.GT.60.)G0T040 

C 
C PLOT NORMALIZED AMMONIA CONCENTRATION VS BED LENGTH 
C 

XLEN=:DELZ 
D050J=2,LEN 
CN=100.»CP(J)/COO 
I=CN*1.5 
IF(I.GT.101)1=101 
XLINEd) = X 
WRITEdOUT.60)XLEN.XLINE 
XLEN=;XLEN+DELZ 

060 FORMAT(1X,G15.7.2X.101A1) 
C 
C PUT A BLANK IN THE SPA E THAT HAD THE X IN IT 
C 

XLINEd) = BLANK 
C 
C PUT A DOT IN SPACE NO. ONE 
C 

050 XLINEd) = DOT 
G0T070 

0<fO WRITEdOUT.80) 
080 FORMATCIX.' THE LENGTH AXIS IS TOO LONG TO FIT ON THE 

IPAGE AND, TH 

http://IFIXKL.GT.60
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lEREFORE,CONTROL IS BEING REFERRED TO THE MAIN PROGRAM* 

1) 
070 RETURN 

END 



SUBROUTINE AERA(APG,APP) 
C 
C CONVERT AREA PER GRAM TO AREA PER POUND 
C 

APP=APG»453.6 
RETURN 
END 
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SUBROUTINE VISC(VISA.VISN,CIN,FLOW.VIST) 
VIST=VISA»6.72»10.»»(-4.)*3600. 
WRITE(6,10)VIST 

10 FORMATdX.* GAS VISCOSITY IS ',015.7,'LBS PER FT-HR') 
RETURN 
END 

SUBROUTINE MW(CIN.XMOL) 
CNHT=CIN»0.000001 
XM0L=CNHT«17.+(1.-CNHT)»28.85 
RETURN 
END 

SUBROUTINE VLCTY(FLOW,DIAT,VEL,TUBA) 
C 
C CONVERT FLOW TO SCFH 
C 

SCFH=FL0W»60. 
C 
C CALCULATE TUBE AERA 
C 

TUBA=(0IAT/(30.48*2.))»»2»3.14159 
C 
C CALCULATE GAS SUPERFICIAL VELOCITY IN FT./HR 
C 

VEL=SCFH/TUBA 



WRITEt6.lO)VEL 
10 FORMATIIX.'GAS 

RETURN 
END 
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SUPERFICIAL VELOCITY IS SGIS-T, •SCFH«) 
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SUBROUTINE SEARCH!WIJ,RHO,OELT,AA,BB,XKG,APP,CIJ,WIJMa 
I,VEL,DELZ,EP 
1S.CIMOJ,CIJMO.PROPI.IOUT,WINF,YK,KLM) 

C 
C SEARCH FOR SOLUTION TO SIMULTANEOUS EQUATIONS USING TH 
C E METHOD 
C OUTLINED IN MURRILL AND SMITH P121 
C 
C DOUBLE PRECISION B, CIJO AND CUT 
C 

DOUBLE PRECISIONB,CIJO,CUT 
RATIO=AA/BB 
EPSS=0.000002*!lO.«»!-7.)) 
8=WIJM0*0.1»!10.»«!-60.)) 
PROP=PROPI 
DATANO/500/ 
N=l 
D050I=1,N0 
CIJO=RHO/DELT»!B-WIJMO)»!YK»!WINF-B)«^XKG«APP»RHO)/!YK» 

1XKG»APP«RH0» 
K W I N F - S n 

CUT=!(CIMOJ»VEL/DELZ)*!EPS/DELT»CIJMO)-!RHO/OELT»!B-H 
I I J M O ) ) ) / ! ! V E 
1L /DELZ) * (EPS/DELT) ) 

D E L = C U T - C U O 
C 
C COMPARE THE DIFFERENCE IN THE TWO EQUATIONS TO THE 
C STANDARD 
C 

IF(ABS!DEL) .LT.EPSS)G0T010 
C 
C INCREASE B BY AMOUNT PROPORTIONAL TO THE DIFFERENCE 
C IN THE TWO 
C EQUATIONS 
C 
C LOWER THE SIZE OF THE PROPORTIONALITY CONSTANT WHEN B 
C GETS BIGGER 
C THAN AA/BB 
C 

IF!B.GT.RATI0)N=N*1 
IF!N.GT.9)G0T0200 
GOTO!70,80,85,90,95,100,105,110,115),N 

110 B=B-d./8.)*PR0P*DELI 
N=N*l 
B=B + 1./16.»!PR0P*0ELI ) 
G0T050 

115 B=B+l./16.*!PR0P«DEL) 
G0T050 

100 B=B-0.250«PROP»DELI 
N=N*1 
B=8*0.125»!PR0P»DELI) 
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G0T050 

105 B=B*0.125»!PROP»DEL) 
DELI==OEL 
G0T050 

090 B=B-(0.5»PROP»DELI) 
N=N*l 
B=B*(0.25»PR0P»DELI) 
GOT050 

095 B=B*!0.25»PR0P»DEL) 
DELI=DEL 
G0T050 

080 B=B-PROP»DELI 
N=N*1 
B=B*!0.5»PR0P»0ELI) 
GOT050 

085 B=B*I0.5»PR0P«DEL) 
DELI=sOEL 
G0T050 

70 B=B*PROP»DEL 
DELI=0EL 

50 CONTINUE 
200 WRITE!I0UT,20)I 
20 FORMATCIX,' AFTER ',14.' ITERATIONS, THE EQUATIONS DO 

INOT CONVERGE 
1' ) 

10 C U = C U O 
WU=B 

60 RETURN 
END 



Sample I n p u t t o Computer Program 

(From Run 24) 

Symbol 

FLOW 

CIN 

ZPR 

DIFF 

DIAP 

VISA 

VISN 

DIAT 

RHOA 

RHON 

PPG 

TIME 

XKT 

XKL 

RHO 

APG-

EPS 

AA 

Value 

0.187 

325. 

3.8 

0.8903 

0.724 

0.022 

0.012 

2 .2 

0.0808 

0.0482 

314. 

1150. 

100. 

60. 

5 1 . 

0.0717 

0.325 

7840. 

Uni ts 

cfm 

ppm 

cm 

ftVhr 

i n 

cp 

cp 

cm 

I b / f t ^ 

I b / f t ^ 

mm 

I b / f t ^ 

ftVg 

ftVlb 

J_; 
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Sample Input to Computer Program (contd.) 

Symbol 

BB 

PROP 

WINF 

YK 

Value 

3728000. 

10 . 

0 .002 

2 0 . 

Units 

ftVmol 

mols/lb 

Ibs/ft^-hr 



APPENDIX Bi 

P e r t i n e n t System Var iab les Calculated by Computer 

Program 

100 
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Pertinent System Variables Calculated 

by Computer Program 

Run 
no* 

21 

22 

24 

25 

26 

27 

28 

30 

32 

Gas 
Super
ficial 
Velocity, 
ft/hr 

2639. 

2581. 

2742. 

2962. 

2581. 

2595. 

2493 • 

2727. 

2404. 

Gas 
Viscos 
lb/ft-
X 102 

5.3 

5.3 

5.3 

5.3 

5«3 

5.3 

^.4 

5-6 

5.6 

ity, 
hr, 

"R. 

24.1 

23.5 

25.0 

27.0 

23.5 

23.6 

21.7 

23.8 

21.0 

Nsc 

0.74 

0.74 

0.74 

0.74 

0.74 

0.74 

0.92 

0.92 

0.92 

Mass Transfer 
Coefficient, 
ft/hr 

1126. 

1110. 

1154. 

1212. 

1110. 

1114. 

1160. 

1229. 

113^. 

^ _ 



APPENDIX CJ 

Chemistry of the Nesslerization Reaction 
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Chemistry of the Nesslerization Reaction 

Chariot (7) and Chariot and Bezier (8) give the 

Nesslerization reaction as follows: 

2Hgl4°*^ + 2NH3 ^ 2NH3Hgl2 "•• 4l° 

2NH3Hgl2 -̂  1° + NHij, + NH2Hg2l^ + ŷ"̂-̂  

Orange ppt. 
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