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ABSTRACT 

A study was conducted to investigate carbon adsorption of 

specific priority pollutants, (2,4 Dimethylphenol, Naphthalene, 

Fluorene, Pyrene, Bis(2-ethylhexyl phthalate) in a complex mixture 

background, using laboratory and pilot scale reactors for data 

generation , and various numerical computer models for data 

evaluation and subsequent prediction. Prediction of adsorption 

using intra-particle diffusion resistance (surface model and 

combined surface and pore diffusion model) was more successful 

using the combined surface and pore diffusion model than by using 

the surface model alone . Dissolved organic carbon (DOC) was 

selected as a complex mixture surrogate to evaluate any 

competitive effect due to individual components in the complex 

background mixture. Prediction of batch and packed bed adsorption 

of each of the specific priority organics that were studied was 

successful when the IAS model was adjusted by evaluating the 

adsorption equilibrium constants in a complex mixture background. 

Results from the laboratory scale experiments were verified by a 

pilot plant study utilizing 4 inch diameter by 3 feet deep carbon 

contactors with empty bed contact time of 1.75 and 3,75 minutes 

treating 2,4-dimethylphenol present in a complex mixture 

background consisting of a domestic secondary treatment effluent. 
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INTRODUCTION 

1.1 Background and Statement of the Problem 

A majority of the large-scale industries in Kuwait are 

located within the Shuaiba Industrial Area (SIA) Complex which 

consists of three refineries, two chemical fertilizer plants, a 

liquified petroleum gas plant (LPG), two power and desalination 

plants , and various small - scale industries. 

All of the wastewater that is generated in SIA (about 30,000 

m3/d) is discharged back to the sea with minor in-plant treatment . 

The available in-plant treatment includes processes such as NH3 

stripping, flue gas desulfurization units, urea hydr olizers, API 

oil separators and neutralization pits. The main water-waste

water cycle in SIA is shown in Figure 1 .1. Treatment of SIA 

wastewater is a critical issue due to the following. 

The desalination plant water intakes are located in the 

vicinity of the wastewater outfalls. Several low vapor 

pressure pollutants that are discharged from the SIA 

industries to the off-shore waters may carried over during 

the distillation process that is used to produce drinking 

water for Kuwait. This is of concern since this distilled 

water constitutes the major source of drinking water for 

Kuwait . 

All of the industrial cooling water intakes are located in 

the vicinity of the wastewater outfalls and as a result 

1 
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corrosion problems due to waste stream pollutants such as 

ammonia which corrodes copper - nickel tubes, can occur. 

The major limitation to much needed agriculture in Kuwait 

is the lack of sufficient and suitable water for 

irrigation. This has led to the concensus that a 

non-discharge policy of wastewater needs to be adopted in 

this area. 

With a program of wastewater reclamation and reuse, the 

treated industrial water can be recycled to the industries , 

utilized for non-crop irrigation, and can replenish brackish 

water aquifers. A previous study was conducted by the author1 in 

order to investigate the central treatability of all of the 

wastewater generated from SIA. The study involved the operation 

of a pilot plant used to model a combined carbon oxidation -

nitrification process, employing a continuous flow stirred-tank 

reactor with recycle and zero sludge wasting mode of operation. 

The overall conclusion of the study indicated that the combined 

treatment of SIA industrial wastewater is feasible and adequate 

for removing conventional pollutants. However, one of the major 

concerns is the probable presence of organic priority pollutants 

which are generated by the petroleum industries and can impose 

substantial health hazards and restrictions on reuse alterna

tives2-6. 

In order to provide the maximum use of the wastewater 

generated in SIA with minimum health concern restrictions, a 

polishing of the effluent derived from the activated sludge 

treatment system would be essential. This concept of adding 
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treatment units to the conventional secondary treatment sequence 

provides the model for Best Available Treatment Economically 

Achievable (BATEA) for this kind of wastewater. Most promising 

polishing techniques include powder activated carbon (PAC) and 

granular activated carbon (GAC) processes. The application of 

this treatment sequence can provide a high quality reclaimed 

wastewater that can be used for a variety of applications. 

1 .2 Wastewater Characteristics 

A combined petrochemical industrial complex wastewater is 

expected to contain a variety of priority organic pollutants 

depending on the nature of the processes. Many of these 

pollutants are common among the different industrial categories 

and others are specific. With the lack of information on 

petrochemical industries wastewater characteristics it is very 

difficult to establish a criterion for petrochemical wastewater. 

Petroleum refining industrial wastewater is considered to have 

the highest levels of organic priority pollutants. Wastewater in 

the petroleum refining industry is defined as the effluent from 

an API Separator which is only designed to remove gross 

concentration of oil and grease. 

For the purpose of establishing wastewater characteristics of 

the petroleum refining industry, literature data were reviewed 

and supplemented with actual sampling and analysis. The 

characteristics of petroleum refineries wastewater are presented 

in Table 1-1. Part of the data were adapted from EPA screening 

study of 10 petroleum refineries2,3. API separator effluent 

4 



Talllt 1-1 Patrol- Rtffnarfas Wastewater Characterfstfcs (AP! S.parator Efflut11t) 

- -- ----·- -- --- -----------··--·· 
EPA Scl'Hllfng Stu~ SIA Complaxll 

-----
Par-ter Rafn. llfn. Rtfn. Rtfn . Refn. Rtfn. Rtfn. Rtfn. Rtfn. Refll . Rtfn . ::..~ ·A· -C- ·G- · H· -1- ~- -L- ·N· .p. -o- KllPCC 

Conv.,tfonal pol lutanU, llg/L 
8005 23 117 260 40 66 59 131 101 212 26 210 NA 
coo 107 323 840 190 260 177 423 280 537 247 736 NA 
TOC 32 71 230 50 81 51 120 103 150 66 NA NA 
TSS 380 28 139 102 39 53 123 85 63 29 NA NA 
Sul ff de 8 1.5 27 3. 1 0. 55 1. 4 1.2 6.7 24 0.6 2.5 NA 
011 I Graue NA 93 99 37 32 77 NA NA NA 42 83 NA 
NH3-N 12 38 14 6.8 4. 3 1.6 1. 2 13.3 15 51 3.1 NA 
PH 7 .2 8.8 10.4 7 .9 7 .9 8.3 8.3 8.0 10.0 8.6 NA NA 

Metels I 1norganfcs, ug/L 
Arsenfc 12 8 5 20 5 3 20 20 20 4-40 NA NA 
Cadllfu• 20 1 20 2 20 20 zoo 20 2 20 · 7 . 3 NA 
Chrmf~ 57 30 0.02 27 NA 23 37 20 73 20 1196 NA 
Copper 23 190 8 30 157 25 100 14 6 210 52 NA 
Total cyanfdt 50 430 1300 103 10 10 383 53 63 101 NA NA 
Lead 114 2 181 20 168 60 600 60 20 10 25 NA 
Mtl'CUI")' 0 . 2 3 0 .8 0. 5 1. 2 0. 5 1.5 0.5 0.5 2. 4 NA NA 
Nfcktl 50 7 93 5 5 50 500 50 5 50 20 NA 
Zfnc NA 690 179 60 100 257 360 603 60 470 NA NA 

Phthalates, ug/1 
Oftthyl phthalate 
Bfs (2-ttllylhtll)'l) 

1.3 NA NA NA NA NO NA NA NA NA NO NA 

phtllalate NA 290 700 NO 300 180 NA NA NA 320 NO 10 
0 1 -n-ou~r phiM 1 at• 0.9 NA NA NA NO ND NA NA NA ND NO NA 

Ph.,ols, ug/ 
Ph.,ol 13 2200 4900 440 390 420 100 NA NA 60 23 2400 
2 ,4-Df •tll11 phtno 1 NA NA NA 175 NA IC) 100 71 NA NA 47 1000 
2,4-0lchloroph.,ol NA llA NA NO NA NA NA NA NA NA NA NA 

Aro•tfcs, ug/1 
lltnz.,• 100 417 409 NA NA NA 100 100 1100 894 NA NA 
Et11ylllenz.,t 100 38 NA NA NA NA 100 100 28 NA NA NA 
Tolusit 100 llA 96 NA NA NA 100 100 655 107 NA NA 

Polycyclfc 1ro•tfc, ug/1 
lllplltMlent NA 950 1100 NA 290 NO 500 302 3200 NA 20 160 
An titre an a 5 190 1100 llA NA 30 230 140 6'0 llA Ill llA 
Chrysent llA llA 40 NA NA 30 20 6 NA NA NO 6 

~..:.,. llA llA 40 NA NA 30 NO 16 NA NA NO 10 
llA llA NA NA NA NO 270 NA NA NA NO 16 

Hel~ated all phatfcs, ug/1 
hlorofoN 5 Ill NA NA NA NA 10 15 100 6 NA NA 

Mttf1ylent Chlorfdt 100 3 293 NA NA llA 100 100 1600 4 NA NA 
Tttrechl oroatllyl ant 50 llA NA NA NA NA NA NA NO llA NA NA 

-------
a : Adlpttd fr• raftl"tllCts (2,3) lna~s of 24-hr. c•posfte s•plts on 3 consecutht days) . 
II : Slluefba lndllltrfal Are1 eo.1ax (S fad Area). 
c : Analyzed for the purpose of this stuq (Avaraga of tltrtt 24-hr. c•posfte 1 .. plts) . 
d: Ad1Pted from reftl"tllCt (4) . 
NA : llot 1n1lyztd. 
Ill: Not cMtecttd. 
Rtfn .: Rllffntl")' 



samples were collected in 24 hour composites on three consecutive 

days and analyzed for the presence of the 129 priority 

pollutants, and other conventional parameters. Table 1-1 also 

incl udes the results of analysis performed on one of SIA major 

refineries (KNPC-Shuaiba). Three 24-hour composite samples of 

the API separator effluent were analyzed for priority pollutants 

over a one month period of time. 

1.3 Selection of Representative Priority Organics 

Based on the data presented in Table 1, the representative 

priority organics of refinery wastewater which were selected for 

use in this study were: 

1. Bis(2-ethylhexyl)phthalate 

2. 2,4 - Dimethylphenol 

3. Naphthalene 

4. Pyrene 

5. Fluroene 

The reasons for their selection are the following: 

1. These compounds are potential health hazards and exhibit 

toxic, carcinogenic or mutagenic properties. 

2. The selected compounds have been measured in most of the 

surveyed refineries including the SAA refineries. 

3. Compounds selected were representative of the major chemical 

groups within the priority organics compounds typically found 

in refinery wastes. 

6 



4. Volatile priority pollutants were excluded since significant 

removals would be expected to occur by treatment processes 

preceeding GAC adsorption such as dissolved air flotation. 

1 .4 Objectives of the Study 

Most of the research previously conducted or activated carbon 

adsorption has focussed on the adsorption of a single solute or a 

multi-solute mixture of known composition. Within the past few 

years the adsorption of specific organics present in unknown 

background composition has begun to be studied. These studies 

only considered ground water which was contaminated with volatile 

organics. Compared to the types and levels of organic chemicals 

present in a refinery wastewater the groundwater background 

organic chemical composition is close to that of a pure water. 

The performance of models developed for predicting carbon 

adsorption of individual solutes in the presence of a relatively 

contaminated water such as a refinery wastewater need to be 

examined. Accordingly the objectives of this research project 

are the following: 

1. Evaluate the adsorption isotherm parameters of the 

following compounds; 1) 2,4,dimethylphenol, 2) napthalene, 3) 

fluorene, 4) pyrene and 5) bis(2-ethylhexyl) phthalate. The 

isotherm parameters will be determined first as single 

solutes and then as multi-solutes in both an ultrapure water 

background and in a typical complex wastewater background. 

Several isotherm models will be used for fitting the 
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experimental data including the Langmuir, Freundlich, three 

parameter, Singer and Yen and the Polanyi model. 

2. Examine the fundamental relationships between the adsorptive 

behavior of the selected priority organics and their major 

physico-chemical properties. 

3. Test the efficacy of the Ideal Adsorbed Solution Theory 

(IAST) to predict the competitive interaction of the selected 

priority organics in an ultrapure water background and in 

complex wastewater backgrounds of varying strengths. 

4. Determine the basic adsorption transport parameters including 

the film transfer coefficient and the intraparticle diffusion 

coefficients in various background solvent mixtures. 

5. Verify the batch surface diffusion (HSDM) and batch pore 

surface diffusion (PSDM) models by using predetermined 

adsorption transport parameters including: 1) Plug 

6. Verify and compare four packed bed adsorption models 

including: 1) Plug Homogenous Surface Diffusion Model 

(PHSDM), 2) Plug Pore and Surface Diffusion Model (PPSDM), 3) 

Dispersed Flow Homogenous Surface Diffusion Model (DFHSDM), 

and 4) Dispersed Flow Pore Surface Diffusion Model (DFPSDM). 

7. Validate the selected adsorption model predictions by use of 

a pilot plant treating secondary wastewater spiked with a 

selected priority organic compound. 
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GENERAL CONSIDERATIONS AND LITERATURE REVIEW 

2.1 General Considerations 

Within the past few decades adsorption has evolved as an 

effective technology for the treatment of water and industrial 

wastewater to control the release of hazardous organic chemicals. 

Accordingly there has been an extensive volume of research 

undertaken by various investigators on the subject of adsorption 

by activated carbon. In this section the literature review is 

specific for carbon adsorption research areas relating directly 

to this study. For a more comprehensive review of adsorption 

by activated carbon and the principles of adsorption and 

diffusion, the reader is referred to Weber 10, Cherimisinoff and 

Ellerbusch11, McGuire and Suffet12,13, Slejko14, Ruthven15, 

Cussler16, and specifically the list of references that 

complement their work. 

In determining the applicability of adsorption to removal of 

specific contaminants there are two basic factors to be 

considered, the first is the adsorption capacity available on the 

carbon, and the second is the contact time required for removing 

a particular adsorbate. Both factors are influenced by certain 

properties of adsorbent, adsorbate and solute. It is rather 

difficult to distinguish the effect of an individual carbon 

property on adsorbant-absorbate affinity. However, the carbon 

properties may be looked at as a qualitative indicator of the 

intensity of adsorption in a particular system. 

9 



2.1 .1 Adsorbent Related Properties 

The raw material, activation process and the post activation 

conditions are factors that influence the surface chemistry of 

activated carbon which in turn is important in determining its 

activity or capacity or adsorption. The majority of the surface 

area of the carbon is comprised of non-polar basal planes that 

support physical adsorption. Physical adsorption is governed by 

Van der Waals forces which are comprised of London dispersion and 

electrostatic forces. A small portion of the surface area is 

comprised of heterogenous edges of carbon planes to which 

carbon-oxygen functional groups are attached. These functional 

groups enable the activated carbon to undergo halogenation, 

hydrogenation and oxidation. Commercial carbons typically have 

surface areas in the range from 650 to 1500 m2/gm. This is 

usually measured by a nitrogen adsorption method referred to as 

BET and the measured surfac e area values are close to another 

measurement called the carbon iodine number. An increasing 

surface area results in greater carbon adsorption capacity. 

Although the total carbon surface area could reach a value as 

high as 2500 m2/gm, the surface area to adsorption capacity 

relationship is true only up to a carbon surface area of about 

1500 m2/gm17. At and above this level, any increased area is 

only produced by means of very fine pores (<1nm) that are only 

able to accommodate very small organic molecules. 

Pore structure can influence both adsorption capacity and 

adsorption rate. The pore volume of activated carbon range from 
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o.5 to 1 .5 cc/gm. Experimental studies of pore-size distribution 

indicate that pore volume is not uniformly distributed over pore 

radius. Keinath18 who has reviewed the literature on pore size 

distr ibution, reported that bimodal and trimodal distributions of 

pore size are possible. In a bimodal distribution he reported 

values for two peaks at 10 and 1000A. The effective capacity of 

activated carbon depends on both the distribution of volume with 

pore size and the distribution of the molecular sizes of 

adsorbates. Pore structures influence the overall rate of mass 

transfer within the carbon because the migration of adsorbate 

molecules to the carbon surface and the subsequent transfer 

across the surface film occur rapidly relative to the transport 

within the internal pore structure to the final adsorption 

sites19 . 

Carbon particle size is also another physical property that 

can influence the surface area which in turn effects the capacity 

and affinity of the carbon . As the size of carbon particles 

increase, the available surface area per unit mass of carbon is 

substantially decreased. The effect of carbon particle size on 

the breakthrough characteristics of the adsorption of some 

phenolic compounds was studied by Zagorski and Faust21. They 

reported that the time for initial breakthrough increases with 

the decrease of carbon size down to 25 x 30 US sieve number. 

Smaller carbon particle diameters will not change the time for 

initial breakthrough . Their observations were in agreement with 

an earlier study by Weber and Keinath21 . Many researchers13 

argue the point that based on the limited research in this area 
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there is not a clear relationship between grain size and 

breakthrough characteristics. Weber 13 has determined that the 

adsorption rate is either dependent upon the inverse of the 

diameter or dependent upon some higher power aproaching 

second-order dependency if the controlling rate step is 

intraparticle. 

2 . 1 . 2 Adsorbate Related Properties 

Molecular volume, structure branching , solubility and 

polarity are the most significant physical properties of 

adsorbates that can influence adsorption behavior. In a complex 

mixture of organic adsorbates, it would be extremely difficult to 

quality and quantify a general explanation on the effects of 

interacted behavior of the various adsorbates on the extend of 

adsorption . There has been an extensive amount of research to 

attempt basic relationships, however, these studies are specific 

to individual solvents and solutes. Al-Bahrani and Martin22 

conducted a study on the effect of the molecular structure of 

selected solutes on the activated carbon adsorption by using a 

liquid chromatography technique and by attaching different 

functional groups to a Benezene ring . These researchers 

concluded that the carbon capacity for the adsorption of the 

polycyclic compounds was higher than that for the corresponding 

monocyclic compounds. They also observed a general tendency of 

an increase in adsorption capacity with an increase in molecular 

weight, however , they did not attribute the adsorption increase 

to the decrease in solubility and explained this observation by 
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correlation with an increase in the molecular volume . In thei r 

study they used the dipole moment of a molecule as a measure of 

polarity and found no correlation between the solute polarity and 

the carbon capacity for the compounds studied23. Although 

adsor bate polarity is related to aqueous solubility, for organic 

molecules of essentially equal solubility, adsorptive capacity is 

enhanced for the least polar molecules. Giusti et a1.16 studied 

the adsorption of 93 or ganic compounds representing 10 different 

functional groups found in petrochemical wastewater. Their study 

indicated that adsorptive capacity increased with the dec r ease of 

solubility and this trend held for each functional group as well 

as between the different groups. In their study they measured 

the strength of adsorption of each functional group and ranked 

increasing trend of amenability to them in order of weakest 

adsorbed to highest adsorbed as follows: polynuclear aromatics, 

undissociated organic acids, aldehydes, alcohols, esters, ketones 

and glycols. 

A common finding between Morris and Weber24, Giusti et a123 

and al-Bahrani and Martin22 was that an increase of branching 

within the carbon skeleton of the adsorbates will decrease 

their carbon adsorptive capacity. Such behavior could be 

attributed to a restriction on diffus i on by the smaller pore size. 

Yen and Singer25 studied the adsorption of a homologous series 

of phenol compounds. The researchers observed that the 

substituent functional groups s i gnificantly affects the carbon 

adsorption characteristics. However, the position of the 

substitution did not relate to adsorption characteristics. 
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2.1 .3 Solvent Related Properties 

The three most significant aqueous properties which have a 

particular impact on adsorption mechanism are: Temperature, its 

pH, and the background complexity (presence of other competing 

adsorbates). An increase in the solvent temperature will 

decrease the adsorption capacity. This is due to the fact that 

adsorption reactions are exothermic. However, the rate of 

adsorpton will increase with an increase in temperature. This is 

due primarily to the increased rate of diffusion of the adsorbate 

molecules. Therefore, temperature is important in batch systems, 

but is of less consequence in continuous flow systems because of 

the difference in adsorption kinetics. 

Under appropriate pH ranges many organics may dissociate into 

ionic species, and this can affect adsorbability. Similarly 

there are some adsorbates that have affinity for H+ or OH- ions 

the adsorption of which can directly effect the solution pH and 

therefore the adsorbate solubility and the carbon adsorption 

capacity. Ward and Getzin26 observed that a decrease in the 

solution pH will increase the adsorptive capacity of carbon for 

aromatic acids and the carbon adsorptive capacity will reach a 

maximum when pH = pKa. These findings were in agreement with the 

work of Murin and Snoeyink27 who investigated substituted phenols 

and humic acids. Coughlin and Ezra28 noted a pH dependence on 

adsorption of non-ionizable species such as alcohol. They 

explained this adsorption pH dependence on the occurrence of 

hydrogen ion neutralization of the surface oxides on the carbon 
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which prior to neutralization acted to block the micropores 

available for adsorption. 

A major influence on adsorption is the complexity of the 

solvent background in terms of other adsorbable compounds. 

This is of great importance particularly when dealing with 

complex organic background solvents such as a refinery wastewater. 

The adsorbates present in the wastewater will compete for 

adsorption sites. The degree of adsorption inhibition of 

competing adsorbates is related to the relative size and 

affinities as well as the relative concentration of each of the 

competing solutes. Since physical adsorption is a reversible 

process, the lesser affinity adsorbates tend to be displaced by 

the higher affinity adsorbates. The desorption of lesser 

affinity adsorbates can cause a deterioration of the effluent 

quality in packed bed adsorption systems and is called the 

chromatographic effect. 

The relative concentration of adsor bate species has an 

effect on competition for adsorption sites. Murin and Snoeynik27 

studied the competitive adsorpton of di and trichlorophenols by 

applying the Langmuir isotherm model in a range of concentration 

between 15 - 105 µMIL. They observed an increase in competition 

with the increase of competitive compound concentration. Martin 

and Al-Bahrani30 studied the effect of competitive adsorption in 

batch and packed column systems. For selected organics they 

concluded that the competitive effects became more pronounced 

with the increase in the number of solutes in solution. Fritz et 

a1 29 in an experimental study using a single and bisolute batch 
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system, observed an increase in the effect of the external mass 

transfer resistance on the adsorption process as the initial 

adsorbate concentration decreased. This indicates that diffusion 

in the adso r bed phase is a major contributor to intraparticle 

mass transport . Similar observations were obtained when Merk et 

a1 . 31 investigated fixed bed systems . 

The competitive effect that is due to the relative molecular 

size may also be attributed to the retardation of adsorbate 

transport by a blockage blocking of the pore structure. In the 

presence of high and low molecular size adsorbates the larger 

size molecule may block the pore structure and prevent the 

passage of the smaller sized molecule even if the latter has a 

higher diffusion rate. the majority of adsorption competition 

occurs on the non-specific sites. However there are some sites 

which are very specific for adsorbates (ionic species) . For the 

carbon adsorption sites which are specific for adsorbates (ionic 

species) competitive adsorption effects are not significant and 

adsorption is highly pH dependent . 

2 . 2 Equilibria and Adsorption Isotherms 

Adsorption equilibria reflect the condition when the 

adsorbate in the solution is in a dynamic equilibria with that at 

the surface of the adsorbent. At this point there is a 

thermodynamically defined distribution of the adsorbate between 

the two phases. The distribution ratio of adsorbate between the 

two phases is expressed by qelCe where qe is the amount of 

adsorbate per unit mass of adsorbent and Ce is the equilibrium 
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concentration of adsorbate remaining in the solution. This ratio 

is a funct i on of adsorbate concentration, the affinity of the 

adsorbate to the absorbent and the competition between different 

adsorbates. A single solute plot of qe versus Ce is referred to 

as an adsorption isotherm. Such isotherms can have different 

shapes as shown in Figure 2-2. Adsorption isotherm data are 

essential for evaluation of carbon adsorption capacity and for 

predictive modeling for analysis and design of adsorption 

systems. 

In Figure 2-1, the linear relationship shown by the middle 

isotherm is commonly referred to as Henry's law which is valid at 

sufficient low concentrations such that all molecules on the 

adsorbent surface are isolated from their nearest neighbors. The 

Henry's constant may be expressed in terms of concentration or 

pressur e. In terms of concentration the relationship is: 

( 2-1 ) 

where qe solid concentration of adsorbate 

concentration of adsorbate in solution 

Henry's constant 

The temperature dependence of Henry's constant obeys the Van't 

Hoff relationship: 

dln Kh 

dT (2-3) 

where 6U0 = the difference in internal energy between the 

adsorbed and the dissolved adsor bate in solution 
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T absolute temperature 

R gas constant 

By neglecting the differences in heat capacity between the solid 

and liquid phases, Eq. (2-2) may be integrated to yield: 

(2-3) 

A plot of lnKh versus 1/T in Eq. (2-3) is essentially a straight 

line. 

Henry's Law is generally inadequate in characterizing the 

adsorption of organics from aqueous solution onto activated 

carbon over a large concentration range, and this law is only 

validated over small concentrations, such that all of the 

molecules on the adsorbent surface are isolated from each other. 

The irreversible distribution curve shown at top of Figure 

2-1 represents a very high affinity of adsorbate. The adsorbent 

removes all adsorbate in solution until complete saturation of 

adsorbent is achieved. 

The priority organics used in this study can be represented 

by many favorable adsorption, isotherm models. A favorable 

distribution is required for effective adsorption but not a 

sufficient prerequisite for an effective treatment process as the 

time for equilibrium becomes another controlling factor that can 

limit adsorption feasibility. 

2.2.1 Modifications to the Langmuir Model 



The Langmuir isotherm is the simplest theoretical model which 

is extensively applied in adsorption studies . The model was 

originally developed by Langmu i r33 for a single gas adsorbate . 

It is based on the assumption that maximum adsorption corresponds 

to a saturated monolayer of adsorbate on the adsorbent surface, 

all sites are energetically equivalent , and there is no 

interaction between adsorbate molecules on the neighboring sites. 

For a solid-liquid system the Langmuir model takes the following 

form: 

(2-4) 

This relationship can be expressed in the linear form: 

(2-5) 

where qm Langmuir monolayer solid phase concentration, M/M 

b Constant related to net enthalpy ( ~H) 

The Langmuir model was successfully applied in many carbon 

adsorption studies including studies by Mattson et a1 . 34 and 

Weber et a1.35 both studies utilized the Langmuir model only over 

a limited range of concentration. At higher concentrations 

when the effect of molecular interaction becomes pronounced the 

model deviates from the measured data. Deviations can also occur 

due to the heterogeneity of sites on the carbon. 
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The measurement of the surface area of micropore adsorbents 

presented a major obstacle to the early researchers of carbon 

adsorption . By knowing the adsorbate molecular size and 

experimentally determining the monolayer saturation limit it 

would seem possible to accurately predict the extent of 

adsorption. However even with advances in surface area 

measur ement in physical adsorption the formation of second and 

subsequent layers of adsorbed adsorbate may commence at 

concentrations below that which are required to saturate one 

layer. Brunauer et a1 . 36 solved this problem by modifying the 

monolayer Langmuir model and expanding it to a multilayer model 

which is known as the BET model. The basic assumption in this 

expanded adsorption model is that any adsorbate layer need not be 

complete before subsequent layers can form. The BET model takes 

the form: 

(2-6) 
(C -C) [1+(B-1) (CIC)] 

e c e c 

where B BET energy constant 

saturation concentration (solubility limit) 

BET Model reduces to the Langmuir model in the concentration 

ranges where Ce<<Cc. 

The Langmuir model may be easily extended to binary or 

multicomponent systems . The resulting expression for the 

isotherm is: 
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qmi b . c ei l ( 2-7) qei IN + b.C 
j =1 J ej 

where the subscript i corresponds to species i and Cej is the 

equilibrium concentration of all of the adsorbing species in 

solution . This extension is merely mathematical and lacks 

experimental verification. 

Further modifications to the Langmuir model were suggested by 

Jain & Snoeyink37. Their modifications are based on the 

assumption that a certain amount of adsorption may occur without 

competition . Further, it was assumed that the number of sites 

for which there was no competition was equal to Cqm1-qm2) where 

For this case they proposed the following 

relationships: 

( qm1 - qm2) b1 C e1 qm2 bl C el 

qel + 
1 + b1 C e1 1 + bl c + b2 ce2 ei 

(2-8) 

qm2 b2 ce2 
qe2 1 + bl C e1 + b2 ce2 

(2-9) 

However, these equations were tested only for binary system and 

their utility for multi-systems is not clear. When qml = qm2 the 

proposed model is the same as the extended model shown in 

equation ( 2-7). 

2 . 2.2 Modifications to the Freundlich Model 



The Freundlich model has been used in an extensive number of 

studies to evaluate carbon adsorption including Thiem et a1.38. 

Freundlich39 found that adsorption equilibrium can be described 

more accurately by this relationship : 

KC 1/Nf e (2-10) 

where K and 1/Nf are defined as Freundlich constants. This 

expression can be linearized to yield the form: 

ln K + 1/Nf ln Ce (2-11) 

According to Weber40 the value of "K" can be taken as a relative 

indicator of adsorption capacity, while 1/Nf is indicative of the 

energy of adsorption. The Freundlich isotherm is different from 

the Langmuir and BET models in that there is an assumption of a 

heterogeneous surface energy and number of different adsorption 

sites on the carbon. The basic disadvantage of the Freundlich 

model is that the model is not applicable at low adsorbate 

concentrations, i.e. it does not reduce to Henry's Law. Also at 

high adsorbate concentration the model does not compare with 

predictions from the Langmuir model. The applicability of the 

Freundlich model is restricted to a limited concentration range. 

An empirical multi-solute extension of the Freundlich model for 

more than one solute was proposed by Fritz and Schluender41 as: 
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c b . a . ei 10 
10 

qei ,,N b . . 
(2-12) 

+ l a .. c lJ 
j =1 lJ ej 

where aio• aij• bio• and bij are isotherm constants determined by 

the best f i t of multi-solute data, Cei is the equilibrium 

concentration of species i in solution and N is the number of 

adsorbates in the system. 

2.2.3 Three Parameters Model 

As an attempt to overcome the limited concentration 

application range of Langmuir and Freundlich models , Radke and 

Prausnit z 42 developed a three-parameter model that combines both 

Langmuir and Freundlich models . This model has the following 

relationship: 

Cl c e 

+ a c Y 
e 

(2-13) 

where, a, a. y can be estimated mathematically by fitting 

experimental data. As was intended originally by Radke and 

Prausnitz the model r educes to the Langmuir isotherm at a 1 , 

to Henry ' s Law at low concentrations approaching zero, and to 

the Freundlich model at high concentrations. Mathew43 extended 

Eq. (2-13) to predict multicomponent equilibria and used the 

extended equation to predict the equilibrium data of the 

Radke-Prausnitz study42. Mathew also compared the three models 

of Jain and Snozyink37, Radke and Prausnitz42, and the three 
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parameter equations to the extended form of equation 2-13 . His 

observations on two component mixtures indicated that the 

extended form of equation 2-13 gave the best of the studied 

models prediction. Mathew's extended three parameter model is 

a: c ei i 
qei LN1 + Si c Y. 

ei l 

i 

(2-14) 

Singer and Yen25,47 developed a three parameter model by 

modifying the or iginal Fr eundlich model (equation 2-10) at a 

lower concentration as follows: 

1. Take the logarithm of both sides of the equation and 

rearrange 

log Ce = Nf (log qe - log K) (2-15) 

2. Establish a third parameter qx such that when qe~ qx, 

the Freundlich equation (2-15) is valid and when qe<qx 

the relationship becomes : 

log Ce= log (qe/qx) - Ln10 

- log K 

(Nf-1) (1-q /q) + Nf log qx e x 

(2-16) 

Equation ( 2-16), for qe~qx, was obtained by forcing the 

Fr eundlich equation to meet thermodynamic r equirement at infinite 

dilution (Henry's Law), i.e., that (dlog Ce/dlog qe) = 1. The 

parameters K, Nf and qx are determined statistically by 

best-fitting the model to the experimental data. The model 
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showed a better prediction of single solute data at lower 

concentrations than the original Freundlich model did . 

2.2.4. Ideal Adsorbed Solution Theory (IAS) 

IAS model was first developed by Myers & Prausnitz44 to 

calculate the adsorption equilibria for compounds in a mixture of 

gases, using data only from single-solute isotherms . The basic 

idea lies in the recognition that in an ideal solution the 

partial pressure of an adsorbate is given by the product of its 

mole fraction in the adsorbed phase and the pressure exert as 

pure adsorbed at the same temperature and spreading pressure as 

these of the mixture. The IAS model was later extended by Radke 

and Prausnitz45 to account for adsorption equilibrium in solution. 

The IAS model proved reliable for these systms in which the 

solute adsorption loading is moderate. For higher loadings a 

relaxation of the theory to allow for single solute-solute 

interactions on the surface of the adsorbent is required. Many 

researchers46 -48 have used the IAS model successfully in its 

original form. 

IAS Model is based on the thermodynamic equivalence of the 

spreading pressure for each adsorbate at equilibrium. The 

adsorbent is considered to be thermodynamically inert; i.e., the 

change in a thermodynamic property of the adsorbent during 

adsorption is assumed to be negligible as compared to the change 

in the same property of the adsorbate. The IAS model also 

assume d that the adsorbent possesses a temperature - invariant 
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area which is the same for all adsorbates and the Gibbs 

definition of adsorption applies. 

Thermodynamic 

The fundamental thermodynamic equations representing the 

combined first and second laws may be written in four equivalent 

ways: 1) internal energy, 2) enthalpy, 3) Helmholtz free energy, 

and 4) Gibbs free energy. For an adsorbed phase the Helmholtz 

free energy in two dimensions designated by superscript "a" can 

be written as: 

(2-17) 

where subscripts i and s represent solute and solvent 

respectively, o is the interfacial tension, µi is the chemical 

potential, ni is the number of moles adsorbed on the solid 

surface, A is the area of solution-solid interface , S is the 

entropy and T is the absolute temperature . 

By Euler ' s theorem , Eq . (2-17) can be integrated to give 

Taking the differential of Ha in Eq . (2-18) gives 

odA + Ado + \ a a + \ a a 
L µ ctn . L n. dµ 
i i l i l i 

(2-18) 
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(2-19) 

comparing Eq. (2-17) with Eq. (2-19) results in the Gibbs 

isothermal equation 

-Ado , a a a d a 
l n . dµ . + n µs 
i 1 1 s 

(Constant T) ( 2-20) 

At equilibrium, the chemical potentials of the adsorbed phase and 

liquid phase are equal. If Ci and Cs are the bulk liquid 

concentration of solute i and solvent S in moles per un i t volume, 

the isothermal Gibbs-Duhem equat i on can be written as 

\ a d a l C. dµ. + C µs 
i 1 1 s 

0 (Constant T) 

Combining Eq. (2-21) and Eq. (2-20) give 

-Ado 

( 2- 21 ) 

(2-22) 

I n di l ute solutions the quantity (n~-Na C. /C ) can be related 
1 s 1 s 

m to ni, the quantity adsorbed (an experimentally measured 

quantity), by the equation: 
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m 
n. 

l 
(2-23) 

where V is the total volume of solution and ~Ci is the decrease 

in the solute concentration. Accordingly the desired equation 

which is valid over the solute concentration range of interest is 

obtained by substituting equation (2-21) into Equation (2-20). 

-A do A d1f (2-24) 

where the summation is over the solute species only. The 

spreading pressure 1f is defined as the difference between the 

inte r facial tension of pure solvent-solid interface and that of 

the solution-solid interface at same temperature. 

1f = 0 pure solvent-solid-a solution-solid (2-25) 

The difference between qei as used previously and nim is that 

qei is for a specified adsorbent weight, while nim is for 

unspecified amount of adsorbent. 

and 

The adsorbed phase fugacity (fia)49 is defined as 

RT dln f a 
i 

(2-26) 
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f . a 
Lim 1 

Z.n 
1 

where zi, the adsorbed-phase mole fraction is defined by 

m m 
n. n . 

1 1 
z . 

1 l m m n. nT 
i 1 

(2-27) 

(2-28) 

The adsorbed-phase fugacity is two-dimensional and has the same 

units as the spr eading pressure n. Henr y 's Law for adsorption , 

results from the subs t itution of equations (2-26), (2-27) and 

(2-28) with Equation (2-24 ). 

Ideal Ads orbed Phase 

Ra dke & Prausnitz45 proposed tha t when solute is adsorbed 

simultaneously from dilute solutions at constant tempera t ure and 

spreading pressure , then the fugaci t y fia is proportional to the 

mole f rac t ion zi 

f.a (T , n , Z. ) 
1 1 

Z.f.ao (T,n) 
1 1 

(2- 29) 

where fia o is the fugacit y t hat a single solut e i exer ts during 

adsorption from dilute solu t ion at the same tem pera t ure and 

spreading pressure. The superscript "0" denotes single- solute 

adsorption. Equa t i on (2-29) becomes exact as Zi~1. Substituting 

Equation (2-28) into equation (2-24) gives : 
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A dTI (2-30) 

Rearranging and factoring out the total moles adsorbed, nTm, 

gives: 

( 2-31 ) 

For an ideal adsorbed phase, equation (2-24), equation (2-26), 

and equation (2-29) gives: 

A 
mo 

n. 
1 

( 2-32) 

substitut i ng equation (2-32) into equation (2-31) finally yiel ds: 

l 
i 

Z. 
1 

mo 
n . 

1 

(constant T,TI) (2-32) 

Equation (2-32) provides one of the two relationships of the IAS 

theory for calculating multi-solute equilibria. The second 

relationship results from considering the equilibria between the 

adsorbed and liquid phases. 

Phase Equilibria 
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If a mixture of solutes is in equilibrium with an adsorbent, 

the chemical potential of solute i in the adsorbed phase is equal 

to that in the liquid phase "l" 

(2-33) 

The value of µia depends on T , TI, and the adsorbate composition 

as measured by the mole fraction Zi. To calculate the chemical 

potential, the integral form of equation (2-26) can be derived 

and substituted into the ideality assumption of equation (2-29) 

ao µ. ( T, TI) + RT Ln Z. 
l l 

( 2-34) 

For single-solute adsorption the intensive var!ables T and TI fix 

the concentration Cio in the dilute liquid phase . Thus by 

substituting µiao in equation (2-34) the following equation is 

derived: 

10 0 
µi [T,Ci (TI)] µ. 1#(T) +RT Ln c~ (TI) 

l l 
(2-35) 

where the superscr ipt "#" denot e s the ideal di l ute sol ution 

(Henry's Law) standard state of the 1 i quid phase. The activity 

coefficient is considered = 1 . The concentration cio(TI) refers 

to solute i when that solute adsorbs singly from a solution at 

the same T and TI as that of the mixture . 

In a dilute liquid mixture at constant temperature, µil is a 

function only of Ci , the concentration of solute i, in that 

mixture. Therefore, the right hand side of equation (2-35) 

becomes 



l# (T) +RT Ln C. µi l (2-36) 

Equations (2-33) to (2-36) lead to the second relationship of 

the IAS Model for calculating multi-solute equilbria 

C. 
l 

C~ (n) • Z . 
l l 

Evaluation of Spreading Pressure (n) 

(2-37) 

In order to use Equation (2-32) to (2-37), n values must be 

known for the various singly-adsorbing solutes in the mixture. 

The n values can be evaluated from equation (2-24) by 

0 
n(C . ) 

l 

C~ N~ 
RT I l l 

A C 
de . 

. l 
0 l 

(2-38) 

According to Radke and Prausnitz45 , experimental single-solute 

isotherms are required for calculating n values . The isotherms 

can be const r ucted by plotting a curve of nimo;ci 0 as a function 

of ci 0 • The area under the isotherm curve determines n . In this 

method, experimental data must be available over the range of 

loading from zero to nimo in order to calculate n accurately. To 

reduce the error in determining n, Kidnay and Myers50 recommended 

integration of the curve dln cio/dLn nimo. 

Yen and Singer41 introduced an improved method of calculation 

which allowed for equilibrium concentration to be calculated 

independent of experimental observation as originally required by 

Radke and Prausni tz45. They used Kidnay and Myers50 method for 

evaluating the spreading pressure (n) and used their modified 

Freundlich three parameter model to utilize the single solute 
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isotherm as input for calculation. They also substituted for all 

invariant adsorptive terms the corresponding solid phase 

concentration. The following set of equations describes the 

sequence in their calculating method . 

The spreading pressure per unit weight of adsorbent can be 

obtained by substituting qio and qi in place of nimo and 

nim Subsequently the spreading pressure according to 

Kidnay and Myers50 can be given by 

0 
ir(qi, wt 1 ) RT 

A 

0 q. d log C. I i i 

0 
d log qi 

(2-39) 

The IAS theory is based on the equivalence of spreading 

pressure for all the components in the mixture i . e., ir1 = 

1T2 = = irn · Therefore by canceling the common factor 

RT/A , Eq. (2-39) can be represented for mixtures as 

0 d l og c, 
0 d log c2 I q, Jq2 

d log q1 
dq1 d log q2 

dq2 
0 0 

0 d log C. 0 d log c q. 
Jqn I i l dq. n (2-40) d log qi l d log qn dq 

0 0 n 

The equilibrium relationships Eq. (2-37) for each solute, 

are written: 

C. 
l 

C~ Z. 
l l 

( 2-41 ) 
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The adsorbed-phase f r action can be represented by 

definition of Zi as 

N 

l 
i=l 

Z. 
1 

(2-42) 

The quantities of qio can be obtained from single solute 

isotherms, and can assume any of previously defined 

mathematical forms 

f(C~) 
1 

(2-43) 

Total qT can be calculated from Eq. (2-32) 

N Z. l + i=l 1 

(2-44) 

The adsorption of each solute in a mixture can then be 

calculated from Eq. (2-28) 

(2-45) 

If the activated carbon dosage is represented by m 

(2-46) 

The equations (2-40) to (2-46) constitute a set of simultaneous 

equations from which the IAS Model calculations can be made. 

There are a total of (5N+1) equat i ons. The initial 

concentrations of each solute cio, the applied carbon dosage m, 

and the functional adsor ption relationship Eq. (2-43) ar e known. 
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The unknown variables Ci, qi, Zi, ci 0 , qio and Qr comprise a 

total set of (5N+1) unknowns. With (5N+1) independent equations 

and (5N+1) unknowns, there should be a unique solution to these 

equations . Yen and Singer51 solved these equations using their 

modified Freundlich three-parameter model . They successfully 

tested their numerical solution for predicting the adsorption of 

phenols on activated carbon. Crittenden et a1 . 52 also used the 

IAS model for predicting multicomponent adsorption equilibria in 

a mixture of six volatile organic compounds in ultrapure water 

background. Instead of using the modified Freudlich 

three-parameter model Crittenden et al . used the conventional 

Freundlich model . 

2 . 2.5 Multicomponent Equilibria of Complex Mixtures 

Industrial wastewater is composed of a very complex 

background mixture of organics and inorganics . In order to apply 

the existing predictive adsorption modeling techniques it would 

be essential to identify and quantify all adsorbing species which 

are present. This is usually a very expensive and difficult task 

to achieve . Recently a few studies were directed at predicting 

the competitive equilibrium interaction between individual 

components and unknown mixtures . Frick and Sontheimer8 tested 

the importance of competition due to dissolved organic carbon 

(DOC) background. They used underground water to determine the 

background effect of multisolute mixture . Their method for 

quantifying the effects of a complex background involved 

characterizing the multisolute mixture as a solution of three 
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compounds with defined adsorption properties (well, intermediate 

and weakly adsorbed) . Crittenden et a17 studied the prediction 

of multicomponent adsorption equilibria for volatile organics in 

background mixtures of unknown composition . The researchers 

accomplished this by using the theoretical components in the IAS 

calculations to account for the competitive effects of the 

unknown mixture . To date their are no studies which consider the 

complex mixture background that characterize secondary wastewater 

effluents or raw industrial wastewater. 
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2.3. Kinetics of Adsorption 

Adsorption equilibrium is considered to be the most important 

factor for evaluating the feasibility of using activated carbon. 

If enough time is allowed equilibrium will be achieved. However, 

for engineering applications, the rate of adsorption is a primary 

concern. Several distinct resistances to mass transfer may limit 

the adsorption rate and without detailed analysis coupled with 

subsequent experimental measurements, it is not always obvious 

which resistance is the rate limiting step . Associated with 

activated carbon adsorption, whether in a finite batch system or 

in a packed bed, there are two major rate limiting steps which 

include film transfer resistance and effective intraparticle 

resistance. Intraparticle resistance is divided into surface 

diffusion and pore diffusion. 

2.3.1. Film Transfer Resistance • 

The simplest theory that describes interfacial mass transfer 

is called the film theory. In this theory a hydrodynamic film 

surrounds the activated carbon pellet so that transfer of 

adsorbate occurs through the film. A mass balance with the 

assumption of a linear driving force across the film yields the 

following equation: 

(2-47) 

in which q = Adsorbed phas e concentration over the particle. 



C,Cs Bulk and surface adsorbate concentration 

a External surface area per unit 

particle volume (= 3/R for spherical particle) 

kf = Mass transfer coefficient 

R = Radius of pellet 

The significance of the film transfer resistance can be 

evaluated by considering the ratio of internal-to-external 

gradients defined by Biot number (Bi). 

Bi 
kf R 

3 D E s p 
(2-48) 

Nerentricks53 , and Roberts and York54 have discovered that 

the value of Ds determined from a batch reactor study is not 

significantly affected by the external film resistance if the 

Biot number larger than 60 is maintained . The batch rate study 

used to experimentally measure Ds is usually conducted in 

completely mixed reactor or Carberry reactor with enough mixing 

power to provide a Biot number not less than 100 . According to 

Haznd et a1.55 a Biot number larger than 100 will substantially 

reduce the external resistance which allows for an accurate 

determination of Ds . The appropriate dimensionless group 

characterizing film tranfer is the Sherwood number (Sh) (ratio of 

mass transfer velocity to molecular diffusion velocity) defined 

by: 
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Sh (2-49) 

in which DL = molecular diffusivity, L/T2 , and the remaining 

parameters defined previously. For a dilute solution, the 

empirica l correlation of Wilke and Chang56 has been extensively 

used in the literature for calculating the DL value. The molal 

volume parameter at the normal boiling point included in this 

correlation can be estimated using a technique discussed by 

Treyba157 . By analogy with the Nusselt number in heat transfer, 

it can be experimentally concluded that the limiting value of the 

Sherwood number approaches 2 at very low Reynolds number. At 

higher Reynolds numbers convective effects become significant and 

a correlation of the form Sh = f(S,RN) is expected . Such 

correlations are widely applied in mass transfer studies and 

available for both completely mixed batch reactors and packed 

beds58-62 . There has been much debate in the literature as to 

whether the low-velocity limit of the Sherwood number approaching 

2 which is de ri ved for an isolated sphere is applicable to a 

packed bed. This issue was reviewed by Wakao and Funazkri63 . 

They corrected the earlier correlations for axial dispersion and 

developed a correlation applicable to Reynold numbers ranging 

between 3-10,000. Their reevaluation of gas-phase data was 

considerably higher than those obtained under the assumption of 

zero fluid effective dispersion coefficient. 

Levenspie158 presented an analytical solution that includes 

dispersion for calculating the film transfer coefficient from the 

immediate breakthrough concentration in a minicolumn study . In a 
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similar approach Weber and Liu59 developed a method for 

evaluating both kf and Ds simultaneously in minicolumn such that 

the column i s sufficiently short not to contain the wavefront of 

sorbent-sorbate system. 

2.3.2 Intraparticle Transfer Resistance 

Intraparticle resistance is a lum p-sum term reflecting the 

influence of the overall diffusion mechanisms most likely to 

occur in the activated carbon pellet. Intraparticle resistance 

involves both surface diffusion and pore diffusion which act 

dynamically in parallel. Pore diffusion involves migration of 

molecules through the pores in the liquid phase toward the center 

of a carbon pellet. Therefore, pore size distribution, 

tortuosi ty and branching are import ant factors in the pore 

diffusion mechanism. Surface diffusion occurs in the solid phase 

i.e. the molecules migrate by jumping between the adsorption 

sites. Both pore and surface diffusion can describe the 

intraparticle mass transfer dynamics . However, a number of 

investigations64-67 have indicated that surface diffusion 

generally predominates. The conclusions reached from other 

studies were that pore diffusion was a limiting factor68-71 .j 

Some researchers advocated the use of an overall effective 

diffusion coefficient without the need for differentiation72. 

The mathematical description of adsorpton on a spherical 

carbon pellet, taking into account pore diffusion and a constant 

radial effective pore diffusion coefficient was developed by a 

number of investigators73 ,74. 
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ec 
-PE d 2 

{r D -.- -} 2 () r p dr 
r 

(2-50) 

where Ep Intraparticle void 

Cp Adsorbate concentration in the pore void 

Ps Particle density including pore voids 

q Solid phase concentration 

t Time 

r Radial coordinates 

Dp Pore diffusion coefficient 

Rp Pore radius 

c = Solute concentration in bulk solution 

Initial and boundary conditons are as follows: 

0 and q O at t 0 (for all r) 

- D 
p (; r 

( 2-51 ) 

0 (for all t) (2-52) 

with this model, the pore diffusion only occurs within 

intraparticle pore voids and adsorbing on vacant pore wall sites. 

Adsorbed molecules can resume pore diffusion only by first 

desorbing. 
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For the case of surface diffusion where surface 

flux predominates and pore flux can be neglected a material 

balance on a spherical particle with constant effective surface 

diffusion coefficient will yield: 

(2-53) 

The corresponding initial and boundary condition are 

q o at t 0 (0 <r <R) (2-54) 

aql 
dr r=O 0 (2-55) 

(2-56) 

where Ds(q) Surface diffusion coefficient as a function of the 

solid phase uptake 

Cs = Adsorbate concentration at the interface of the 

carbon particle M/L3 

The previous mathematical relationships dis cussed the 

kinetics of adsorption of a single spherical particle exposed to 

a solute concentration at the particle's external surface. These 

mathemat i cal relationships can be used to describe adsorption in 

completely mixed batch reactors. For more practical engineering 



applications, the prediction of breakthrough curves from the 

basic kinetics of equilibrium data is a prerequisite, since it 

provides the right approach for evaluating the dynamic capacity 

of packed beds. 

The differential liquid phase mass balance equation for an 

adsorption column and for spherical adsorbent particle within 

such a column can provide the mathematical distribution to 

describe the dynamic behavior of a packed bed. If the flow 

pattern can be reprresented as an axially dispersed plug flow the 

main balance will yield: 

+ 
v a 
£ 

ac + P < l -e:) az a . 
~ + ac 
at at 0 (2.57) 

The equilibrium relationship is expressed by the Freundlich 

isotherm 

1/Nf 
K C s 

Initial and boundary conditions 

c 

0 

J C 
dZ 

at z 

at z 

(2.58) 

0 (2-59) 

L (2-60) 
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Ci q 
0 at r 0 

3r 

oq kf 
(C-C ) at r R 

dr D sps s 

q 0 at t 0 

c 0 at t 0 

where 

De Dispersion coefficient 

z Longitudinal distance in packed bed 

E Bed void fraction 

1/Nf Exponent of Freundlich isotherm 

Va Approach velocity 

( 2-61 ) 

(2-62) 

(2-63) 

(2-64) 

qs Solid phase concentration at the particle, M/M-C 

In a plug flow system, the axial dispersion is neglected so 

that the term -De a2c; az2 can be dropped, reducing equation 

(2-57) to a first-order hyperbolic equation. 

v 
a 

0 (2-65) 

The following dimensionless transform may be performed for 

simplification . 

-
r = r/R (2-66) 

4S 



q 

-c 

-
t 

Nd 

Sh 

, 
St 

where 

C!C 0 

solute distribution parameter 

surface diffusion modulus 

V L a 
t: D e 

Peclet number 

( 1 - £ ) 
£ 

3(1-£) 
Rt: 

Modified Sherwood number 

Mod i fied Stanton number 

C0 Initial liquid phase concentration, mM/g-C 

( 2-67) 

(2-68) 

(2-69) 

(2-70) 

( 2-71 ) 

(2-72) 

(2-73) 

(2-74) 

q0 Solid phase concentration in equilibrium to C, mM/g-C 

T Bed retention time 

L Column length 
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The solid phase mass balance equation becomes 

-
Nd - 1- a aq 

- -2 -
ei t r er 

The liquid phase mass 

-
+ 

clC 
-

az 

2 ()q 
(- ---=-) r or 

balance 

-
+ dq + -

at 

equation 

1 
D 

g 

-oC 
-at 

becomes 

0 

and the Freundlich isotherm becomes 

q = C 1/Nf 
s s 

3 -
at 

The transformed initial and boundary conditions are 

-
-c oC 

P dz 
0 1 + at z 

e 

-
co f(t) at z = 0 

-
oC 0 at z -
az 

(l q 
0 at r 0 -

ar 

-
aq 

Sh cc - c ) at r - s C:J r 
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(2-75) 

(2-76) 

( 2-77) 

(2-78) 

(2-79) 

(2-80) 

( 2-81 ) 

(2-82) 

(2-83) 
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q cr,z) -
at t 0 (2-84) 0 

--
C (z) = 0 at t = 0 (2-85) 

Equations (2-75) through (2-85), along with the Freundlich 

exponent 1/Nf, and the dimensionless groups, Dg, Pe, Sh and Nd 

represent the dynamics of the breakthrough curves. The 

parameters Dg and Nf are experimentally calculated from the 

isotherm studies. Pe is calculated from empirical relationships, 

and kf can be calculated as discussed previously. The remaining 

coefficient required for evaluating Sh and Nd is the effective 

surface diffusion Ds which is usually obtained from batch rate 

studies as discussed by many researchers (Liu et a175, Furusawa 

et a1.76, Mathews et a1.77, and Suzuki and Kawazoe78-80. The 

procedure used in this study for evaluating Ds along with the 

polynomial empirical equation that describes solutions to the 

homogenous surface diffusion model batch reactor is presented by 

Hand et a155. 

2.4 Development of Predictive Models 

Predictive mathematical models can save substantial efforts 

in the initial planning stages of full-scale GAC treatment design. 

The successful models should be able, once provided with the 

necessary input data, to predict the breakthrough curve 

characteristics of specific compound(s) of interest, as well 

as the impact of process variables on the process performance so 

that the optimum scheme can be identified . Batch reactor models 

and packed bed models that have been applied in this study were 



developed at Michigan Technological University81 and modified 

over a period of 12 years. The models were tested on 

multicomponent mixtures in clean background water. No attempt 

has been made to test these models for adsorption prediction in 

complex background mixtures or to verify them on large scale 

pilot plants treating complex wastewater prior to this study. 

2.4 . 1 Batch Reactor Predictive Models 

The batch reactor predictive models were developed, based on 

two intraparticle diffusion resistances. The first resistance, 

homogeneous surface diffusion resistance, is modeled by BHSDM. 

The PSDM model considers that the pore and surface diffusion 

resistances act in parallel. Both numerical models include the 

following assumptions: 

1 . External fluid film resistances exist . 

2 . No surface diffusion interaction between adsorbate 

3. Local equilibrium exists at the absorbent surface 

4. The multicompoent equilibrium theory described by the 

Ideal Adsorbed Solution (IAS) Theory with the Freundlich 

isotherm is used to represent the single solute isotherm 

capacity . 

The flow diagram81 for the batch reactor predictive model for 

both BHSDM and BPSDM is shown in Figure 2-2 . 

2.4 . 2 . Packed Bed Predictive Models 
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EXEC RUNSTREAM 

RADIAL COLLOCATION 1-----::~ 
MATRIX FILE 

NAM L S 

BATCH PROGRAM 
CALCULATE AND PRINT OUT 
DIMENSIONLESS GROUPS 
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SET INITIAL VALUES FOR LIQUID 
PHASE CCt)AND SOLID PHASE (Qt) 
CONCENTRATIONS · 

CALL SUBROUTINE GEAR TO 
.--.----------1 PREDICT ct 's AND a t 's AT NEXT 
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OF DERIVATIVES 
OF C 'S AND Q 'S 
AT TIME T 

Figure 2-2 Flow Diagram for Batch Programs 

RETURN TO 
MAIN PROGRAM 
AND PRINT OUT 
TIME T AND C 
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Similar to batch models, the packed bed predictive models 

incorporate either homogenous surface diffusion mechanism or 

homongenous and pore diffusion mechanism acting in parallel. 

They also involves two flow schemes . The first flow scheme is 

plug flow where the axial dispersion term -De a2c/ az2 is neglected 

and the second flow is a scheme dispersed flow scheme in which 

the dispersion term is included in the axial transport of 

adsorbate in the bed. 

The flow diagram81 for the packed bed model is shown in 

Figure 2-3 . 

2.4.3 Numeric Solution 

Orthogonal collocation was applied by Crittenden et a182 to 

solve dynamic breakthrough equations in a packed bed. Orthogonal 

collocation is explained in detail elsewere83-86. The 

application of orthogonal collocation to equation (2-76) after 

introducing the modified Stanton number and including the 

assumption of zero dispersion coefficient will result in a set of 

ordinary differential equations 

- (2-86) 
dt 

- D St (C1 - C ) 
g s,l 

in which 1 represent a collocation point in the axial direction 

and Au represents a collocation constants matrix for the first 
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order derivatives which were determined from the roots of 

unsymmet r ic shifted Legendre polynomial as discussed in 

Finlayson84. The equation is valid for 1 = 2 to M + 2, where M 

is the number of internal collocation points in the axial 

direction. 

The application of orthogonal collocation to the solid phase 

mass balance equation (2-75) will result in this set of ordinary 

differential equations 

-
dq. 1 

1, (2-87) 
dt 

in which the subscript i represents a collocation point in the 

radial direction and 1 represents the collocation points in the 

axial direction . qj,l is a matrix. Since the unknowns resulting 

from the application of orthogonal collocation in the radial 

direction in the solid phase equation and in the axial direction 

in the liquid phase equationare included. The matrix B is the 

set of collocation constants for the Laplacian with spherical 

geometry and were determined from the roots of Legendre 

polynomials as discussed in Finlayson84. 

The equation is valid for collocation points within the 

adsorbent particle (not at the exterior boundary) i.e. i 

increases from the center of the adsorbent particle to the 

surface (i = 1 to N where N is the number of points). Another 

set of boundary condition applied 
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I 

St (C - C ) s 

where St = St/3a 

d 
-

ot 
J1 2 q r dr (2-88) 
0 

a = y/x, ratio of solid mole fraction to liquid phase mole 

fraction. 

The resulting orthogonal collocation equation involve the 

adsorbent phase surface concentration is: 

-
dqN+1 ,1 

-dt 

I N w. 
St (Cl - C ) - l _J, 
W s,l . W N+1 J=1 N+1 

-
dq. 1 
~_J_,_ 

-
dt 

(2-89) 

in which the subscript N+l refer to the adsorbent phase 

concentration at the surface. The weighing factors, Wj which are 

used for integration are determined from the roots of the 

symmetric Legendre polynumericals84. The above equation is valid 

throughout the bed or from 1 = 1 to M + 2. 

To couple the liquid phase and solid phase mass balances the 

Freundich equation or Langmuir equation may be used. 

The numerical computer solution requires a data file that 

includes the various variable values and collocation files. For 

batch models , one collocation file for the radial dependence is 

required as where for the packed bed models two collocation 

files, one for the radial dependence and the other for axial 

dependence, are required. For example, the location of 

orthogonal collocation points for 4 axial and 3 radial points is 

shown in Figure 2-4 . 
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EXPERIMENTAL, MATERIALS, EQUIPMENT AND METHODS 

contained within this section are the experimental and 

analytical methodologies that were used to conduct the various 

labor atory tests performed including the single solute isotherm, 

mixed component isotherms both in ultra pure water background and 

in a complex unknown mixture background of secondary wastewater 

effluent and petrochemical wastewater treated by the activated 

sludtge process, batch rate studies, minicolumn studies and t he 

pilot pl ant study. The properties of the activated carbon used 

and the procedures used in preparing the various sizes fractions 

are di scussed in this section. Properties of the specific 

organic compound that may affect the compounds adsorption 

affinity ar e also discussed. The overall study flow diagram is 

presented in Figure 3-1. 

3.1 Properties of Activated Carbon 

The granular activated carbon (GAC) used in this study is 

Calgon's Filtrasorb 400 (Calgon Corporation, Pittsburg, PA); a 

bituminous based carbon activated with an oxygen-nitrogen mixture. 

Table 3-1 presents Filtrsorb 400's major properties as adopted 

from the manufacturer's data. One of the important properties of 

GAC that is usually not considered in presenting the activated 

carbon specifications is the pore radii and their distribution. 

Since the molecular weight of the adsorbate affects the affinity 

of adsorption through surface attraction, higher molecular weight 

compounds possess a higher surface attraction. However, this may 
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Table 3.1. Properties of Calgon Filtrasorb-400 
Granular Carbon 

Property 

Physical Properties 

Surface Area, m21gm 

Apparent Density, glee 

Real Density, glee 

Uniformity Coefficient 

Effective Size, mm 

Pore Volume, cclg 

Particle density, cclg 

Specifications 

Iodine Number 

Abrasion Number 

Ash % 
Moisture % 

Calgon F-400 
(12x40) 

950-1050 

0.803 

2. 1 

1. 8 

0.55-0.65 

0.85 

1. 4° 

1'000 

75 

0.5 

2 

Mineral Constituent 
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hold only while the compound molecule is smaller than the pore 

size of the carbon. The major part of the pore surface area 

exists in pores ranging from 10A to 1000A thus the adsorption of 

molecules larger than 1000A in size are hindered since there are 

few pores in this range. Keinath87, who has reviewed the 

literature on pore-size measurements, indicated that a bimodal 

distribution of pore sizes are possible in commercial activated 

carbons. Scholten88 showed a trimodal distribution. Keinath and 

Scholten pore size distributions for activated carbon are 

illustrated in Figure 3-2, (a,b). Substantial variations in the 

predominant pore size distribution can be observed in the two 

curves. Keinath reports a majority of the pores occur around 

1000A, while Scholten shows the majority of pores around 100A. 

Such variation can substantially affect adsorption particularly 

in a mixed component background. the impact of pore size 

distribution on organic adsorpability is a very difficult subject 

to evaluate because of the complexity of interaction with other 

variables. 

3.2 Properties of Specific Organics 

All chemicals were ultra pure grades and were obtained from 

Aldrich Chemical Company. Table 3-2 presents the physical 

properties of the specific priority organics used in this study. 

Such properties may reflect the adsorption affinity of the 

organic compound or can be used for relative comparison between 

each other. Molal volume at the normal boiling point was 

calculated for the organic compounds based on the atomic volumes 
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of the compound's element components as described by Tr eyba157. 

The properties of density, refractive index and melting points 

were obtained from the CRC Hand Book of Chemistr y and Physics89. 

Molecular volumes were calculated from the equation: 

M x 1024 
w (3-1) Mv N x p 

where My Molecular volume, (A0)3 

Mw Molecular weight, g 

N Avogadoros number 

p Density of compound, g/cm3 

1024 conversion factor of cm3 60 ( A)3 

Solubility of the compounds were determined experimentally during 

the var i ous phases of analysis conducted in this study except for 

the solubility of compound 2,4-Dimethylphenol which taken was 

from reference 90. 

3.3 Methods of Analysis 

For all the experiments conducted in this study, a uniform 

analytical procedure was strictly followed. All samples were 

collected in 190 ml head free bottles with teflon lined caps and 

kept in the refrigerator for no longer than 24 hours until 

analysis . 

EPA91 Method 625 - Base/Neutral and Acid/Neutral procedure 

was followed for the analysis of all specific organics of 

interest . Due to the limited volumes produced in many 

experiments smaller volumes of samples were collected and 
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analyzed (150 ml) rather than 1000 ml as specified in EPA method. 

Therefore, only a micro Kuderna Danish (45 ml) concentrator was 

needed for extract concentrations. A separatory funnel 

extraction by methylene chloride at pH>11 was first conducted on 

the sample for extracting the base-neutral extractable compounds, 

naphthalene, fluorene, pyrene, and bis (2-ethylhexyl) phthalate, 

then and extraction was conducted at pH < 2 for 

2,4-dimethylphenol. It was noticed that in the prior 

base-neutral extraction the recovery of 2,4-dimethylphenol by as 

much as 20%. Therefore, the final concentration of 

2,4-dimethylphenol combined both fractions extracted by 

acid-neutral and base-neutral steps. The final extract was then 

passed through a solvent rinsed drying column containing about 12 

cm3 of anhydrous sodium sulfate to remove all traces of water. 

The dried extract was then transfered to the micro Kuderna-Danish 

concentrator, for concentration in a water bath at 65oc down to a 

final volume of 1 ml. 

The GC analysis of the base-neutral and acid extractables was 

performed using a Tracor Model 565 LSC-2 gas chromatograph 

equipped with split-splitless injection pore and connected to a 

Spectra-Physics SP-4270 integrator. The identification of the 

specific organics tested as well as their concentration was based 

on their retention times and peak area which have been determined 

experimentally by the analysis of standard reference materials. 

The gas chromatograph operating conditions are presented in Table 

3-3. Quality control ampule samples as received from the EPA 
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Table 3-3. Gas Chromatograph Operating Conditions 
and Specific Organic Compound Retent i on 
Times 

Property 

Injection procedure 

Initial temperature 

Initial time 

Temperature programing rate 

Final tempera ture 

Temperature of injection port 

Temperature of FID 

Pressure 

Chromatographic Column 

Length 

I.D. 

Phase 

Film Thickness 

Retent i on times 

2,4-Dimethyl phenol 

Naphthal ene 

Fluorene 

Pyrene 

Bis(2-Ethylhexyl)phthalate 

Condition 

Spitless Mode 

50°c 

2 min. 

10°/min. 

250°c 

220°c 

300°c 

20 PSI 

30 meter 

0.5mm 

SE-54 

1. 00 Microns 

6. 1 minutes 

6.5 minutes 

12.4 minutes 

18. 4 minutes 

22.8 minutes 
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Laboratory at Cincinnatti were used to verify the accuracy of 

analysis. 

Dissolved organic carbon analysis (DOC) was performed using 

O.I.C. TOC instrument Model 700. The samples generated 

in the isotherm studies with an ultrapure background water were 

allowed to stand for one hour to settle the carbon particles 

before being analyzed for DOC. Samples which contained suspended 

solids that were present in the secondary wastewater treatment 

facility effluent were filtered by using medium grade filters 

before DOC measurements. The optimum conditions of the oxidant 

sodium persulfate volume, digestion reaction time and purging 

time were determined to achieve maximum DOC conversion. After 

the operating conditions were set the TOC instrument was 

calibrated using potassium hydrogen phthalate and all parameters 

kept constant during the period of the study. 

3.4 Preparation of Activated Carbon 

All the different size grades of activated carbon used in 

this study were prepared from representative samples of F-400 GAC 

(12 x 40 U.S. sieve number). The fine GAC 50 x 60 U.S. sieve 

number used for minicolumn studies and the powdered activated 

carbon 200 x 325 U.S. sieve number used in the isotherm studies 

were prepared by successive crushing and sieving of GAC as 

described in Appendix A. The various size grades of carbon were 

then washed with ultrapure distilled water to remove the fines, 

dried overnight at 105°c and then stored in air tight dark 

bottles for further reuse. 
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3.5 Isotherm Study Procedure 

A bottle point isotherm procedure was used to conduct all 

equilibrium studies . The steps followed are presented in 

Appendix A. An equilibrium time of 6 days was found to be 

sufficiently long to reach the total capacity of activated carbon. 

carbon dosages generally ranged from 0.27 - 187.8 mg/L. The 

initial liquid-phase concentrations were obtained by running 

blanks with no carbon added, along with the samples. So any 

losses by adsorption on the glass walls or any other unaccounted 

for losses can be accounted for. All isotherm studies were 

conducted at temperatures between 20-22°c and at a pH of 6.6-7.0. 

The solutions were buffered with a 10-3 M phosphate buffer. 

Conventional roto-shakers were found to be unsatisfactory in 

providing good mixing, particularly when the isotherm bottles 

were completely filled. Therefore, a rotating contactor was 

designed and built in the URI department of civil and 

environmental engineering workshop. The contactor was designed 

to hold up to 40 bottles arranged in a vertical position. By 

adjusting the rotating speed, continuous settling of the 

activated carbon particles can be maintained which allows 

contact mixing through the whole volume of water in the bottle. 

A photograph of the contactor is shown in Figure 3-3. 

3.6 Batch Rate Study Procedure 

Adsorption rate tests to measure the effective intraparticle 

surface diffusion (Ds) were conducted in a 8.8 L Bellco flask 
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Figure 3-3. Photograph of the rotating contactor used 

in the isotherm study . 
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glassspinner operated as a completely mixed batch reactor. The 

reactor wass covered with a teflon lined plastic lid. Two 

baffles of 4.5 cm width extended from the reactor lid to 8 cm 

from the reactor bottom to minimize vortexing. Mixing was 

provided by a rheostatic controlled stirrer with a 44 cm2 

plexiglass semi-circular paddle area. The paddle rotational 

speed was maintained at 950 rpm for all the rate stud i es. Biot 

numbers were calculated in the reactor and maintained not less 

than 100. A sensitivity analysis on the effective diffusion 

coefficient showed that a + 20% error in the Ds value did not 

affect the breakthrough chaacteristics. The power dissipated in 

the reactor was measured by a strobe light in conjunction with a 

torque meter using the equation 

where 

p 

p 

Tw 

power 

T torque 

w = angular velocity 

(3-2) 

The pH of the solution was initially adjusted to 7 . The pH was 

measured after each sampling and only varied within the range of 

~ 0 . 2 pH unit. A blank solution was initially prepared without 

the addition of carbon, and allowed to agitate until an 

equilibrium concentration was reached . The compounds 

2 , 4-dimethylphenol and fluorene did not vary with time, however, 

naphthalene reached an equilibrium initial concentration after 26 

hours. The Freundlich isotherm was used to calculate the 

required 50 x 60 mesh carbon dosage to achieve a 50% reduction in 

the initial solute concentration. This calculated carbon mass 
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was then introduced into the reactor at t=O. Samples were then 

periodically withdrawn until equilibrium was reached, and then 

the samples were analyzed for solute concentration as described 

before. The total volume of all samples withdrawn was less than 

15% of the reactor capacity. 

3.7 Minicolumn Study Procedure 

The minicolumn studies were conducted in 1 cm ID glass 

columns. In order to support the carbon in the column, a 1 cm 

perforated teflon plug that fits exactly was first placed at the 

bottom of the column. A fine stainless steel mesh was then 

placed on top of the teflon plug. The preweighted amount of fine 

GAC (50x60) was packed in the column in slurry form, the carbon 

then thoroughly wetted until all the void spaces were filled with 

water. Another perforated teflon plug and fine stainless steel 

mesh assembly was then placed on top of the carbon bed and 

maintained in position by a tightly fitted O-ring. Such an 

arrangement insured a uniform distribution of flow and a fixed, 

carbon packed bed length and allowed for an up-flow mode of 

operation. 

The solution was introduced to a 20 liter glass bottle and 

kept mixing for a period of time until an equilibrium with the 

initial concentrations was achieved. Another make-up batch was 

equilibrated similary and set aside to replace the empty batch as 

needed. pH was adjusted and maintained between 6.9-7.1 for all 

runs. The solution was introduced to the column by parastaltic 

pump proceeded by a glass wool filter to collect any undissolved 
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organics. Influent samples were collected at the sampling point 

just at the bottom of the column. When two columns were run in 

parallel, the parastaltic pump was equipped with a double head 

arrangement which provided a constant and equal flow for both 

columns. A photograph of the minicolumn setup is shown in Figure 

3-4. 

3.8 Pilot Plant Study Procedure 

The pilot plant study was conducted at the South Kingstown 

Wastewater Treatment Facility in Rhode Island. The influent to 

the pilot plant was obtained from the full-scale plant secondary 

clarifier, before chlorination. A submersible pump was installed 

just below the wastewater overflow at the clarifier weir. The 

pilot plant was composed of the following units. 

1. Dual media filter 6 inches ID by 6 feet high, packed from 

bottom to top by 6 inches of gravel, 18 inches of 

filtration sand and 12 inches of 12 x 25 US sieve 

number anthracite with 1 .4 uniformity coefficient and 

0.61 sphericity. 

2. Two GAC packed bed arranged in parallel (4 inches ID by 6 

feet height). The two columns were filled with equal 

amounts of F-400 (12 x 30 U.S. sieve number). The carbon 

was supported on 6 inches of gravel resting on a 

stainless steel mesh. Sieve analysis on the GAC 

indicated that the effective size of carbon was 0.122 cm. 

The tubing, valves and fittings were all made of 3/4 and 1/2 

inches PVC. The valving was arranged so that influent grab 
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Figure 3-4. Photograph of minicolumn setup 



samples could be collected in between the sand filter and GAC 

column No. I, and the effluent samples of GAC columns No . I and 

No. II. Two influent flow meters were installed, the first is 

between the sand filter and columns No. I to measure the total 

flow and the second between column No. I and No. II to measure 

the influent flow to column No. II. The difference in flow 

between the two flowmeters represents the flow in column No. I. 

A high concentration of 2,4-dimethylphenol was prepared in a 

50 liter Nalgene mix tank . The required flow rate that provided 

the designed influent concentration was continuously applied via 

the parastaltic pump at a point before the first flowmeter . The 

sand filter was backwashed by non-chlorinated drinking water. 

The effluent wastewater after passing through the sand filter 

was used for backwashing both GAC columns. This pilot plant 

arrangement substantially reduced the frequency of backwashing 

the GAC column. A schematic of the pilot plant is shown in 

Figure 3-5 and photographs of the pilot plant and the full-scale 

secondary clarifier are shown in Figures 3-6 and 3-7 . 
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Figure 3-6. Photograph of pilot plant 
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Figure 3-7 Photograph of the Secondary Clarifier 



RESULTS AND DISCUSSION 

4.1 Single-Solute Adsorption Studies 

In the des i gn of an adsorption system, it is necessary to 

have a quantitative description of the equilibrium relationship 

between adsorption capacity and the adsorbate concentration 

remaining in the solute for a particular system. However, 

different mixtures can behave remarkably different because of the 

effects of background solvent constituents which are not 

identified. An adsorption isotherm study is the most practical 

approach to characterizing the adsorption relationship. By 

performing a single-solute adsorption isotherm in ultrapure water 

background the competitive background effects can be eliminated. 

By next performing the adsorpt i on isotherms in a mixture of 

complex background wastewater the competition effect due to 

background can be isolated. 

For this study, adsorption isotherms were conducted at a 

pH of 6.8 and a temperature of 22°c which are typical 

seconda r ywastewater effluent characteristics in summer, the time 

planned for running the verification step using the pilot plant. 

The pH can affect the results of isotherm study in various ways: 

1) There is a close relationship between adsorbability and 

solubility. The less soluble a material is, the more likely that 

this material will be adsorbed. 2) The pH of the liquid 

will affect the dispersibility of the pulvarized carbon 

suspension. At pH levels below 7, a carbon suspension tends to 

agglomerate into larger floes which will enhance settling and 

filtration of the carbon particles. 
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The time required to achieve isotherm equilibrium has been 

reported differently in various research studies. An equilibrium 

time as low as 2 hours, at 22°c was reported by Dobbs and Cohen90. 

By increasing the equilibrium time to about 2 days only increased 

the equilibrium capacity by 10 percent . The temperature at which 

the isotherm is conducted also appears to affect the equilibrium 

time52, with the decrease of temperature, the equilibrium time 

required to achieve the same percentage of equilibrium will 

increase. This is attributed to the decrease in the rate of 

diffusion into the carbon pellet. Due to the difficulty in 

reproducing the initial adsorbate concentration in different 

background mixtures, it was necessary to allow for a longer 

equilibrium time than normal . Crittenden et a1.52 demonstrated 

that isotherm results do not depend on the initial adsorbate 

concentration if adequate equilibrium times are allowed . 

Consequently, the equilibrium time considered in this study is 6 

days and this time proved satisfactory for all the isotherm tests 

conducted . Equilibrium uptake appears to be independent of 

particle size. This has been verified experimentally for the 

adsorption of many organic compounds52 . Therefore, the 

equilibrium isotherm study was conducted using pulvarized 

activated carbon 200 x 325 U.S. mesh number . The pulvarized 

carbon used was obtained by crushing 12 x 40 U.S . mesh number 

granular carbon as described previously. The same carbon stock 

was used for preparing the pulvarized carbon and for the pilot 

plant study, so similarity was maintained for other GAC 

parameters . 
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The si ngle solute data for each of the compounds stud i ed were 

fitted by four isotherm models: Conventional Freudlich model, 

Modified Freundlich model (Singer and Yen)51, Langmuir model and 

the three parameters model (Radke-Prausnitz)42. The mathemat i ca l 

relationships which describe these models have been discussed and 

explained in section 2. The calculated best fit parameters for 

each of the single solute compounds along with the corresponding 

correlation coefficients are listed in Table 4-1 and Table 4-2 

for the Freundlich, modified Freundlich, Langmuir and three 

parameters models respectively. 

Figures 4-1 through 4-5 show the log-log plots of the 

single-solute isotherms for all of the selected organic compounds 

with the ir raw data presented in Appendix B, table B-1 through 

table B-5. Within the range of the concentrations tested, the 

Mod i fied Freundl ich model and the three parameters model compared 

extremely well for all of the compounds. R-square values 

indicate that both the modified Freundlich and the three 

parameters mode l s fit the data better than the Freund l ich and 

Langmuir models. For the case of 2,4-dimethylphenol where the 

lowest R-square values were calcul ated, the three parameters 

model showed a slightly better fit than the Modified Freundl ich 

model. 

The va r iation in slope (1/Nf values) could lead to 

substantial differences if the isotherm parameters are used 

outs i de of the concentration range in which they are determined. 

For the compounds fluorene, pyrene, naphthalene and 

bis(2-ethylhexyl)phthalate the range of concentration test e d 
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Table 4-1. Single Solute Frel.lld.lich and Modified Freundlich Isotta"m 
Adsc:rption Paraneters of tre Selected Pri<rity Orgpnic 
Canµ:>unds 

Canµ:>und 

2,4-D~thylj:l1ei'lol 

Naphthalooe 

Flu:rooe 

Pyrme 

Bis (cEthylrexyl )phthalate 

R**2 = R - Square Best Fit 

Freundlich 

No. of 
Oooervations Nf 

7 3.334 

8 2.926 

6 2. 384 

6 2.592 

6 1 .812 

K R**2 

0.039 0.7&) 

0.1007 0.9&) 

0.560 0.987 

0.646 0.951 

0.435 0.987 

Model Inµit Uni ts: Ce in (WL) and % in (W~) 

Modified Fremdlich 

Nf log Qx log K R**2 

5.009 -2.482 -1 . 792 0 .82 

3.034 -2.998 -1.051 0.987 

2.412 -2 .972 -0.275 0.987 

2.591 -3.324 -1 .898 0.951 

1.988 -4.197 -0.679 0.990 
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Table 4.2. Single Solute Langnuir and Three Paraneters Model Isotrerm 
Adscrption Paraneters of tre Selected Pricr"ity 
Organic Canpot.11ds 

Can pound 

2,4-Dimethyl~ol 

Naliltra.lme 

Fll.U'me 

Pyrme 

Bis (2-Ethylrexyl )phtffilate 

R**2 = R - Square Best Fit. 

No. of 
Observations 

7 

8 

6 

6 

6 

Langnuir Model 

Q b R**2 

Ttree Paraneters Model 
(Radke - Prausnitz) 

a: B p R**2 

0.275E-2 9.1883E5 0.817 0.3298E3 0.5247E5 0.9059 0.833 

0.263E-2 9.3386E5 0.919 0.9547E4 0.1425El5 0.6983 0.996 

0.296E-2 2.1631El5 0.951 0.2156E5 0.9906E5 O.f:/577 0.994 

0.139E-2 7.8657E7 0.879 --0.1112El5 -0 .3178E5 0.5013 0.986 

0.131E-3 1.1061E7 0.967 0.4087E4 0.2635E5 0.5246 0.989 

Model Inp.it Uni ts: Ce in (WL) and % in (W g-C) 
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ranged as high as 80-95% of their saturation concentration 

values, i.e. the maximum solubility for the compound at 22°c and 

a pH of 6.6. For the compound 2,4-dimethylphenol an initial 

concentration as high as 108 mg/L was tested. The isotherm 

parameters that were calculated are applicable to a wide range of 

concentrations of that could be found in wastewater. 

For comparison purposes, the single solute adsorption 

capacities of all the selected organic compounds can be expressed 

as mg organic compound/gram of carbon when equilibrium 

concentration of the compound is assumed to be 0.1 mg/1. The 

selected 0.1 mg/l equilibrium concentration falls within the 

range of concentration at which the isotherm parameter s were 

predetermined, except for the compounds pyrene and 

2,4-dimethylphenol, but even for these compounds the calculated 

parameters are still close enough so that substantial error will 

not be introduced. The calculated adsorption capacities can be 

arranged in decending order as follows: Pyrene (346 mg/g-C), 

fluorene (231 mg/g-C), naphthalene (102 mg/g-C), 

2,4-dimethylphenol (69 mg/g-C), and bis(2-ethylhexyl)phthalate 

(39 mg/g-C). The slope of the isotherm is indicative of the 

relationship between carbon affinity and equilibrium 

concentration. The shallower the slope the less dependent on 

equilibrium concentration the isotherm is. Observing the slopes 

of the isotherms of the five organic compounds tested, their 

dependency on the equilibrium concentration can be ranked in 

decreasing order as: bis(2-ethylhexyl) phthalalte, fluorene, 

pyrene, naphthalene and 2,4-dimethylphenol. In an attempt to 
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correlate the adsorption capacity of the compound with some of 

its physical properties, the molecular volume and the solubility 

of the compound were considered. Apart from bis(2-ethylhexyl) 

phthalate the ranking of the compound adsorption capacities in 

decreasing order follow the increase in their solubi li ties. 

considering the molecular volume, bis(2-ethyhlhexyl) phthalate 

has the largest molecular volume and showed the lowest adsorption 

capacity. For the rest of the compounds which had somewhat 

similar molecular volumes, no correlation between the molecular 

volumes and the adsorption capacity is indicated. 

Another attempt was made to quantitatively evaluate the 

single solute isotherm by using the Dubinin-Polayi theory92-94. 

This adsorption theory assumes that the adsorbed species within 

the activated carbon pellet behave as a liquid, although due to 

the effect of the force field of the adsorbent, the properties of 

this liquid phase is different from the properties of the bulk 

liquid. The adsorption potential E , is referred to as the 

difference in free energy between the adsorbed phase and the 

saturated liquid sorbate at the same temperature and can be 

calculated by: 

(4-1) 

where Saturation concentration of solute, mg/L 

Ce Equilibrium concentration, mg/L 

R Gas constant, 8.3144 Joules/deg. mole. 

T Absolute temperature, °K 
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For a given adsorbent - adsorbate system there is a unique 

temperature independent relationship which is referred to as the 

characteristic curve and often approximated by the Gaussian 

expression: 

w = w 
0 

-K 
e a 

2 
€ (4-2) 

where W solid phase loading of adsorbate in cm3 adsorbate/100 

g-C 

W0 Maximum solid phase loading of adsorbent in cm3 

adsorbate/100 g-C. 

Ka adsorption energy constant, Mole/K.Joul. 

The solid phase loading of adsorbate, W can be estimated by the 

following relationship. 

w (4-3) 

where q Solid phase concentration, g/g-C 

Vm Molal volume, cm3/mole 

Mw Molecular weight, g 

Taking the logarithm of equation (4-2) a linear relationship can 

be derived and by linear regression analysis, the values W0 and 

Ka can be calculated as quantitative fitting parameters. 
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The resulting constant for the selected organic compounds 

along with the correlation coefficient of the best fit are listed 

in Table 4-3. The correlat i on val ue indicates a good l inearity 

for all the compounds within the range of concentration tested. 

However the validity of the outcome of this theory depends on 

various factors which include: 1) Reliability of solubility data 

varies conside rably in the literature, e.g. the solubility of 

pyrene and fluorene were found to be 40-60 percent less than the 

reported ones under the same testing conditions and the 

bis(2-ethylhexyl ) phthalate solubility was reported90 to be 50 

mg/i while no more than 0.48 mg/L saturation solubility was 

achieved in this study. 2) The mathematical expression of the 

characteristic curve of equation (4-2) does not reduce to Henry's 

Law in the low concentration limit. This is a theoretical 

requirement for any thermodynamically consistent physical 

isotherm. This factor, however, is irrelevant in this study as 

the single-solute isotherms of fluorene, pyrene and 

bis(2-ethylhexyl) phlthlate were tested at concentrations which 

approached their saturation solubility, and for the single-solute 

isotherms of 2,4-dimethylphenol and naphthelene, moderate 

concentration range were tested. Based on Dubinin-Polanyi 

potential theory, the calculated maximum adsorption capacities 

(Wo) can be arranged in decending order in the following manner: 

2,4-dimethylphenol (0.557 g/g-C), fluorene (0.522 g/g-C) 

Naphthalene (0.481 g/g-C), pyrene (0.336 g/g-C) 

and bis(2-ethylhexyl) phthalate (0.057 g/g-C). This order is not 

comparable with the order resulting from the Freundlich model. 
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Table 4-3. Dubinin - Polanyi Isotherm Constants for the 
Selected Priority Organics 

Compound Solid Phase Adsorption R**2 
Loading, Constant 

w Ka 
(cm~/100g-C) (Mole/K . Joul) 

2,4 Dimethylphenol 57.8 0. 0031 0.79 
Naphthalene 41. 4 0.0073 0 . 94 
Fluorene 43 . 4 0 . 0154 0.92 
Pyrene 26 . 4 0.0098 0.67 
Bis(2-Ethylhexyl) 5.8 0.0183 0.96 

phthalate 



Another isotherm analysis approach adopted by Manes93,94 

and based also on Polanyi's theory was considered for isotherm 

analysis in this study. The difference between Dubinin-Polany's 

approach and Polany's approach as adopted by Manes is that Manes 

does not linerize the equation and uses the abscissa to plot the 

quotient of e:IVm. He called this curve a correlation curve. In 

order to predict the correlation curve of certain compounds, 

Manes and Hofer95 introduced the refractive index "n", as another 

physical property of the organic compound. So the correlation 

curve is a predictive approach when the refractive index is the 

physical property that controls it. The equation suggested by 

Mane and Hofer can be expressed as: 

RT IV . Ln C . IC . m1 c1 e1 
RTIV Ln C IC mr er er 

(nD. 2 -
l 

(nD 2 
r 

1 ) I ( nD . 2 
+ 2 ) 

l 

1 ) I (nD 2 
+ 2) 

. r 

(4-4) 

The subs er i pt "i" denotes the compound of interest and subs er ipt 

"r" denotes the reference compound. The left hand side of the 

equation is the potential energy over the molal volume. In order 

to apply this analysis method on the isotherm tests conducted, 

the refractive index and isotherm data for each compound is 

needed. The refractive indices were obtained from the CRC 

Handbook of Chemistry and Physics89 and found only for some of 

the compounds. 

The correlation curve developed for 2,4-dimethylphenol is 

shown in Figure 4-6. The solid line is the visual fit line for 

the experimental data points. An attempt was made to predict 
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naphthelene isotherm using the 2,4-dimethylphenol correlation 

curve as a reference. New values of RT/Vmln Cc/Ce were obtained 

using equation (4-4) and the 2,4-dimethylphenol correlation curve. 

The results are plotted in Figure 4-7. The solid line is the 

predicted correlation curve for naphthalene. These results 

indicate a poor prediction. This poor correlation can be 

attributed in general to the limitation of Polanyi's model. In 

summary it can be concluded that Polanyi theory is more of a 

fitting equation than a predictive equation. 

4.2 Competitive Adsorption Studies 

In this section the results and a discussion of a series of 

isotherm experiments conducted to evaluate the competitive effect 

of multi-component mixtures are presented. The competitive 

effect of the selected priority organics was evaluated in the 

presence of each other in ultrapure water background and in 

complex background mixtures typically found in secondary 

wastewater effluent. An evaluation of different background 

strengths in terms of dissolved organic compounds (DOC) of a 

secondary wastewater effluent were tested. This has been done 

primarily in an attempt to represent a realistic situation in 

which adsorption capacities need to be evaluated for certain 

priority organic compounds of interest in highly complex 

background mixture. EPA regulations currently require monitoring 

of certain priority organic compounds in the effluent of 

wastewater treatment facilities. The ultimate goal is to reduce 

the levels of the compounds either through pretreatment treatment 
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schemes or through in-plant treatment schemes . Carbon adsorpt i on 

treatment is a viable solution to remove organic compounds. 

until now ther e has been no avai lable research on the i mpact of 

such complex background on activated carbon capacity for prior ity 

organics. 

Uti l izing the single solute isotherms previously discussed, 

the multi-component competition effect was examined in the 

following sequence: 

1. Ul tra-pure water background 

a. High water soluble organic c ompounds mixture, 

naphthalene and 2,4-dimethylphenol . 

b. Low water soluble organic compounds mixture of 

pyrene, fluorene and bis(2-ethylhexyl)phthalate. 

c. Combined l ow and high water soluble organic compounds 

mixture, 2,4-dimethylpheno l , naphthalene and 

fluorene. 

2. Complex background (secondary wastewater effluent) 

a. Full strength wastewat er (27.3 mg/L DOC), 

naphthalene, 2,4-dimethylphenol and fluorene. 

b. Medium st r ength wastewater (19.1 mg/L DOC), 

naphthal ene, 2,4-dimethylphenol and fluor ene. 

c. Low strength wastewater (10.1 mg/L DOC) naphthalene, 

2 ,4 - di methylphenol and fluorene 
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3. Complex background (activated sludge pilot plant effluent 

treating refinery wastewater), naphthalene, 2,4-dimethylphenol 

and fluorene. 

Ideal adsorption solution theory (IAS) was tested to predict 

the competitive interaction for each of the previously mentioned 

mixture combinations. The mathematical formulation that explains 

the IAS is discussed in section 2. The Singer and Yen51 

modifications for solving the IAS equations were used to predict 

the competitive interaction . 

IAS theory was successfully applied for prediction of 

multicomponent adsorption equilibria in many studies7,42,52. All 

of these studies considered only a multicomponent mixture 

adsorption in an ultrapure background. The applicability of IAS 

in a complex background mixture of unknown composition has never 

been tested. One of the objectives of this study is to evaluate 

this applicability. 

Statistical analysis of IAS predicted and observed 

experimental data was evaluated for each of the above 

combinations using statistical analysis system (SAS) software . 

Statistical values were obtained through the following 

formulations. 

1. Relative Error (RE) 

Mathematically defined as 
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RE Ix -c I (4-5) 

x 

This simple comparison between observed and predicted values is 

very rough and the statistics in it cannot recognize the 

variab i ity of data. However, this relationship can provide some 

measure of the model adequacy when other statistical parameters 

such as the media and standard deviation of the relat i ve sample 

are evaluated. 

2. Root Mean Square Error (RMSE) 

Mathematically defined as 

(4-6) 

This type of analysis provides a direct measure of model error. 

The main disadvantage of this test is that it does not readily 

lend itself to pooling across variables to assess overall model 

credibility. 

3. Analys i s of Variance in Linear Regression. 

Accor ding to Bethea et a1.96, the proposed functional 

relationship between the observed and predicted data is 

y 8 + 8 X + E 
0 1 

(4-7) 



where y and X are the observed and predicted values , respectively 

E is a random error, and the parameters $0 and $1 are the 

regression coefficients. The means square due to error, 

MSE=SSE/(n-2), is an unbiased estimator for o2 because the 

expected MSE = o2 regardless of whether or not the hypothesis Ho : 

$1 = o is true. It can be shown that the expected value of the 

mean square due to regression MSR = SSR/1, is a biased estimator 

for 0 2 unless $1 = 0 . This can be shown by 

E(MSR) E(SS R/1) 

2 2 \ - 2 o + $1 l(Xi-X)>o (4-8) 

These two expected mean squares suggest the use of the ratio 

F (4-9) 

in testing Ho: $1 = 0. This ratio has an F-distribution with 

v1=1 and v2 = n-2 degrees of freedom if H0 : $1 = 0 is true. Thus 

to test Ho: $1 = 0 Ho is rejected if F>F1 , n- 2 ,1-a· Since MSR 

and MSE both estimate o2 under Ho: $1 = 0, Ho is also rejected if 

F is significantly larger than 1 since the expected MSR>o2 when 

H0 : $1 = 0 is not true. H0 : $1 = 0 can also be tested by using T 

= ($1 - O)/S$i and the t-statistic with n-2 degrees of freedom. 

It can be shown that T2 is an F- statistics with and n-2 

degrees of freedom so that using F is equivalent to using T or T2. 

Theoretically a value for $1 = 1 can be considered which is the 
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slope of the regression line. In order to test whether or not 

the proposed s1 is valid, the T statistics in the equation: 

T 

A 
s

1 
_ s

1 
S" 

sl 

(4-10) 

By checking that the value of T is less than the tabular of 

T o 95 the hypothesis that S1 1 ,n, . • 1 can be accepted or rejected 

within 95% probability. 

The following method which was developed by Leggel and 

Williams97 was used in comparing the various models tested in 

this study. Their method is specific for evaluating a model's 

reliability or comparing between models. A reliability index k 

was defined which can be determined from set x1 ,x2, . .. ,xn of 

model prediction and a corresponding set y 1 ,y2, ... ,yn of 

observations. Applying their method one can express model 

predictibility as an "accurate within a factor of k," that is, 

the closer k is to one the better the model predictability is. A 

measure of k means that all model prediction observations fall 

within 1/k and k times the corresponding observed values . The 

reliability index was evaluated by two approaches. The geometric 

index (kg) is a measure of the tangent of the angles ei which 

falls between a line from the origin to (xi.Yi) and the 45° line 

which represents a perfect fit. The statistical index ks which 

is based on a measure of the distribution of the random variables 

whose values are a possible observed value corresponding to a 

predicted value . 
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4.2.1 Competitive Adsorption in Ultrapure Water Background 

The competitive interaction of the preselected priority 

organics was examined in three combination sets based on their 

solubility in water (high, low and higha nd low solubilities 

combined). This approach is reasonable since for many compounds 

the solubility of the compound may indicate its adsorbability, 

that is the lower the solubility of a compound the higher its 

adsorbability. This general observation is confirmed by the 

results of the single-solute study discussed previously. 

However, there are other factors such as a compound's molecular 

weight, polarity, refractive index and others which can influence 

a compound's adsorption on carbon. 

In order to test the competition prediction by the IAS model 

using the modified Freundlich isotherm parameters, a bottle point 

isotherm study was conducted for each of the prementioned sets. 

The raw data are presented in Appendix C in Table C-1 to Table 

c-3. The predicted values of the IAS Model and the experimental 

data are plotted as shown in Figures 4-8 to Figure 4-10. It can 

be observed clearly from these figures that the IAS model with 

the modified Singer and Yen calculation gives a very good 

prediction for the three solubility groups that were tested. 

The model prediction worked very well over the entire range 

of concentrations tested. Such good agreement is attributed to 

the influence of the Singer and Yen modification which allowed 

for the isotherm parameters to be fitted down to concentrations 

approaching zero. The Singer and Yen modification was required 
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since the compounds that were studied had low solubilities. The 

precision of the single solute isotherm data can substantially 

affect IAS prediction. Within the three studied isotherm 

mixtures in an ultrapure water background, there were 

considerable differences in the initial solute concentrations. 

Since a long equilibrium time of 6 days was allowed, initial 

solute concentration variations were not expected to influence 

the accuracy of the results. This is supported again by the good 

agreement between IAS prediction and experimental data. The 

statistical linear regression analysis of the data is presented 

in Table 4-4. R-square values ranged between 0.878-0.994 which 

indicate the very good behavior of the IAS model. The t-test 

results fell into the acceptance limit for both the hypothesis of 

slope = 1 and an intercept of zero. The IAS prediction appeared 

to be equally accurate for all of the mixtures. 

4.2.2 Competitive Adsor ption in Complex Wastewater Background 

In this part of the study the total background effect in 

a complex mixture composition was treated as a single compound 

and was represented by the dissolved organic carbon (DOC) content. 

This approach allowed the evaluation of the competitive 

interaction between any single solute or specific group of 

solutes of interest in the presence of a complex background 

mixture. The rational of this approach: 

1 · The evaluation of adsorption capacity and the diffusion rate 

of specific compounds in the presence of a complex background is 
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of great importance for actual process design for wastewater 

treatment. 

2. Due to cost const r aints and the present limitations in 

analytical methodology it is almost impossible to completely 

identify the composition of a wastewater. 

3. The use of a fictive or surrogate background component like 

DOC can permit the use of available isotherm predictive models 

without the necessity of a major alternation. 

4. The selection of a DOC parameter to represent the lump-sum 

background effect is significant for the following reasons: 

1) DOC is easy to measure and insensitive to interferences 

commonly present in a complex wastewater, 2) only organic 

compounds have high affinity for activated carbon, therefore 

the presence of any other inorganic compounds such as heavy 

metals which are generally less adsorbable will not have a 

significant competitive background effect on adsorption in 

comparison to the DOC component. 

The general procedure followed for conducting the isotherm 

tests was discussed previously in Section 3. However, a more 

detailed explanation of the procedures will be discussed in the 

following paragraph. The full-strength secondary wastewater 

effluent was collected as a composite sample on three consecutive 

days from the South Kingstown Wastewater Treatment Facility. The 

characteristics of wastewater effluents from secondary wastewater 

treatment facilities are consistent in composition within a 

narrow range. A very high portion of the DOC background is 

106 



generally composed of humic substances, proteins, carbohydrate 

and microbial cells and lysis compounds. Prior to use the full

strength wastewwater was filtered to remove suspended solids and 

the three batches of different strength wastewaters were prepared 

by dilution with ultrapure water. Constants masses of 

2,4-dimethylphenol, naphthalene and fluorene were dissolved in 

20 ml of methylene chloride and introduced into each batch prior 

to buffering. Three days of constant mixing was utilized to 

allow for evaporating methylene chloride. The wastewater was 

then filtered through glass wool to remove any particles of 

undissolved orgaAics and any remaining suspended solids before 

introduction into the isotherm bottles. Although this 

preparatory procedure was consistant for all wastewater batches a 

fixed initial concentration of the three compounds was not 

achieved. This was attributed to possible complexing of the 

organics during mixing. The effect of the variation of the 

initial concentrations of the specific compounds was minimal 

relative to the much higher total DOC concentration in the 

background of the mixture. Due to the potential presence of 

microorganisms in the wastewater, there exists the potential for 

biodegradation of some of the specific compounds which might 

affect the results of the isotherm study. However, the six days 

of equilibrium time which were allowed was too short to acclamate 

the microorganisms. Control samples for each group studied which 

contained no activated carbon were used to exclude any effects 

resulting from biodegradation and/or complexing. 
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An ove r all isotherm for the DOC background in secondary 

wastewater was evaluated . This isotherm related the total 

residual concentration of DOC to the solid phase loading. The 

results of this experiment are shown in Figure 4-11 and the 

corresponding raw data is presented in Appendix C Table C-4 . The 

graph in Figure 4-11 presents a different kind of isotherm to 

that which is normally found. The curving downward of the 

isotherm line indicates that there is a nonadsorbable fraction of 

the DOC present in the wastewater background. Even with the 

addition of higher amount of carbon, there is still no 

substantial reduction of the DOC equilibrium concentration. The 

nonadsorbable fraction is indicated by the intersection of the 

graph with the x axis. For the secondary wastewater which was 

evaluated the fraction of the nonadsorbable compound is 

equivalent to about 50% of the total DOC. In order to evaluate 

the isotherm constants for the adsorbable fraction of the total 

DOC, the Freundlich and modified Freundlich models were fitted to 

the rising part of the curve (drawn in a solid line). The 

isotherm parameters calculated by use of the Freundlich and 

modified Freundlich models are presented in Table 4-5. These 

data indicate a much lower adsorption capacity of DOC parameters 

as compared to any of the selected priority organics tests. 

Theoretically the competition effect due to the presence of 

low adsorbable compounds is weak in comparison to the competitive 

effect of resulting from strongly adsorpable compounds. However 

as will be shown later a very high competitive effect can still 

be induced. The competition between the strongly adsorbed and 
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Table 4-5. Freundlich and Modified Freundlich Parameters for 
DOC Parameter in the Secondary Wastewater 
Background 

Model Isotherm Constant Value 

Freundlich K, (µM./g) (L/µM.)**1/Nf 0.224 
1 /Nf 0.667 
R**2 0.970 

Modified Nf 0. 521 
Freundlich logK 3.749 

log Qx -1 .961 
R**2 0.941 



weakly adsorbed DOC lump-sum parameter is not site preferential. 

Molecular volume is another important factor in the adsorption 

process. Retardation of adsorption of the strongly adsorbed 

compounds can occur by the presence of high molecular volume 

compounds in the backgr ound mixture as was the case with the 

secondary wastewater effluent background. 

The results of the IAS prediction and the experimental data 

of the specific priority organics 2,4-dimethylphenol and 

naphthalene isotherms in different DOC strengths of secondary 

effluent wastewater background are shown in Figure 4-12 to Figure 

4-14 and their corresponding raw data are presented in Appendix 

c, Table C-5 to Table c-7. A close observation of these figures 

show that the IAS model underpredicts the experimental results 

indicating an increase of positive displacement with the increase 

of DOC background concentration. Also, there is a minimum dose 

of 3.5-5.5 mg/~ of activated carbon which is required before any 

measureable adsorption of the specific priority organics can be 

detected. Such behavior indicates that the DOC background 

actually retards the adsorption of the more strongly adsorbed 

compound rather than preferentially competing with them on the 

adsorption s i tes. Similiar results were obtained when the 

effluent of the activated sludge pilot plant treating petroleum 

refinery wastewater was tested as shown in Figure 4-15 with the 

corresponding raw data in Appendix C, Table C-8. In an attempt 

to quantify the retardation factor with the increase of the DOC 

background concentration, the experimental data above the minimum 

activated carbon dosage previously discussed was fitted with the 
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Freundlich and modified Freundlich model. The calcul ated 

isotherm parameters are presented in Table 4-6. The Freundlich 

isotherm parameter K indicates decrease in value with the 

increase of DOC background concentration. Figure 4-16 plots the 

K values of each of the studied specific compounds versus the DOC 

background concentration. This indicates a clear trend of 

decr easing K with increasing DOC concentration for the compound 

2,4-dimethylphenol is shown. However for naphthalene and 

fluorene, the K values reach a minimum in the range of 125 to 146 

after which lowering the DOC concentration from 19 to 10 mg/L has 

no substantial affect on the K values. A statistical linear 

regression analysis was performed on the experimental data of the 

competitive isotherm study. The results which are presented in 

Table 4-7 ind i cate the unsuitability of the IAS model in 

predicting the effect of complex background competition on 

adsorption. Most of the T test values indicated a rejection of 

the hypothesis that the slope = 1 and intercept = 0 within a 95 

percent probability. Although R-square values indicated a good 

correlation between experimental and predicted values, this 

parameter does not indicate how close the prediction is to the 

measured values. It is more an indication of how the relative 

trend progresses. 

As discussed previously IAS failed predicting the competitive 

effect of complex mixture background when single solute data were 

used. Justified by the same amount of experimental work required 

for both single solute and complex mixtures isotherm parameters 

evaluation, the isotherm parameters for the organic compounds in 
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Table 4-6. t1:mt.rEd Mixa:I Corp:re1t L9::th:rm c.crstmts in Vcrirus 'Wasta.atEr ~ 

nrthrnl 
Coostants 

2,4 Dirreti:'!YlP'l:n::>l Nap-rtiB.lEre Flurere 
IXCT IXXTI IXXTII fff IXCT IXXTI IXXTII fff IXCT IXXTI IlXlII fff 

K, (M./g) (I.JM. )**1 !Nf o.re-r o.a:o 0.043 0.535 14.J.P 0.011 1.l)S O .C~7 0.005 0.01a2 0.3)9 0.246 

K, ( iM./g) (L/iM. )**1 INf 31 .49 170.04 254.15 28.00 3;'3.44 110.64 127 .~ 40.15 146.~ 125.~ 246.26 35.04 

1/Nf 0.649 0.3763 0.3124 0.5124 0.8758 0.2916 0.53)9 0.5)'J) 0.221.JB o.~ 0.48!2 0.4765 

M'SY 1.351 1.9269 2.8584 1.4399 1.0796 3.1738 1.4m 1.81n2 3.791() 3.1273 2.0479 1.5810 

FSY -{).163 --0.7838-1.5317-9.1658 1.0041 -1.%43 0.11b-1 .1670 -2.261J.2-1 .g:n3 --0.6003--0.Eb83 

~(«<) -3,81) -3.4163 -3.2!J35 -4.2728 -3.3564 -3.f1f117 -4.0426 -4.0401 -3.81(5 -3,f5722 -3,€:047 -4 .7022 

IXCT = Sron:ary troo.tnmt fcci.lity eff11.Hlt (IXX: = Z7 .3 ng/l) 
!XCTI = Samiry t.reatITB1t fcci.lity eff1tmt (IXX: = 19.1 ng/l) 
IXCTII = Soo::nEry t:i'ffib1e1t fcci.lity effil.Hlt (IXX: = 10.1 ng/l) 
liEF' = SEroUry tn:E.tOO refin:ry wsta.atEr effil.Hlt (rxx; = 18.1 ng/l) 
Coosta1ts Fq.atim3: ere p-'E001ta:1 p-'e\liafily 
NFSY = Nf in rrrxllfioo Fran:ilid1 Mxel 
FSY = lqs K in m:xll.fioo Frardl.id1 Mxel 
l~(Qx) = Mxti.fia::i Frardl.id1 ?aralete" 
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Table 4-7. Lin3Er Reg'EBSicn Aralysi.s cf IAS 'll'ary Pl"a:li<ticn fO"' Mbe:1 Corµxmt 
in Diffa"e'lt Str01gth3 cf Corplec Mi.xb.re ~ 

SID 
No. Fb:>t Ei'rcr of 
cf M:E Fstirrate T Fan EstinBte Estirrate T FO"' 

SID 
Ei'rcr of 
Estirrate 

Quip CaJµx.n:1 Points R--scµre E1n:r F-Valt.e Irlt:a'oo!:t fio: fQ=() IntErcei:t Skµ? fio: f3,= 1 Slq:e 

FUll Stre1gth NaµItrale-e 6 0.9)1 0.038 459.8 -3.rm -16.15 0.1ffi 1.970 10.66 0.091 
~ 

(Z7.3 rqy'l ax::) 2, 4-D:inEthylp-a-nl 6 0.947 0.0)3 71 .1 -2.39) -5.J.e 0.443 2.8' 4.70 0.26'3 

Fllll"En:! 6 o.cm 0.019 59.8 -{).(]74 -3.ai O.(E 0.391 -12.17 0.051 

M3:1.i.un Stre1gth NaµItrale-e 6 o.~ O.C21 46.2 -{) .057 -2.51 O.CP26 o.r:m -4 .~ 0.005 
Waste..atEr 
(19.1 rqy'l ax::) 2, 4--0:inEthylp-a-nl 6 o.m O.Ch7 167.5 -{) .324 -3.35 o.axi 1.004 1.00i 0.004 

Flt.tra'E 6 0.745 o.cro 11. 7 -{).(f.If -1 .ffi O.® O.'d!E -9.248 O.CJ79 

l.D,../ Stre1gth NaµItrale-e 6 0.918 0.016 44.8 -().CJ28 -1 .8:3 0.015 0.594 -4.5'79 o.coo 
Waste..atEr 
(10.1 rqy'l ax::) 2,4--0inEthylP'ffi:>l 6 o.~ 0.053 279.4 -{).221 -3.13 0.(]71 1.040 0.646 0.062 

Flt.tra'E 6 0.93) 0.018 53.1 -{) .(Jj) -2.74 0.018 0.2ffi -18.J:B O.Q39 

Refin:ry Waste..atEr NaµItrale-e 6 0.671 O.Ci!{ 8.2 -{).381 -2.Ch 0.183 0.574 -2.132 o.an 
(18.1 ngtL ax:) 

2, 4-DinEthylp-a-nl 6 o.m 0.024 182.1 -0.433 -9.al 0.047 1.528 4.663 0.113 

Flt.tra'E 6 0.943 0.018 66.4 -{).047 -3.sr 0.012 O.r:!J7 -6.m O.Ch7 

st:atisticEl Valws Qttai.mj Qr E:AS C'£nral Limr M::xEls Pro:ro...re 
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complex mixture were used in the IAS Model . The IAS prediction 

and experimental data using multi-solute isotherm constants are 

presented in Appendix C, TAble C-9 to Table C-11. A substantial 

improvement in the IAS predicability occurred using the 

multi-solute isotherm constants as shown in Appendix C table C-9 

to C-11. The use of Freundlich isotherm constants derived from 

complex mixture data has been evaluated for predictions in the 

batch rate study, the minicolumn study and the pilot plant study. 

4.3 Batch Rate Studies 

- Determination of Batch Rate Mass Transport Coefficients 

For each of the specific organic compounds studied , the 

pore diffusion and the film transfer coefficients which are 

used in the models tested for predicting adsorption 

breakthrough curves must be determined . Wilke and 

Chang56developed an empirical correlation for Calculating the 

molecular diffusion coefficients of organic compounds in 

dilute solutions. They found that the molecular diffusion of 

certain compounds is a function of its molal volume , molecular 

weight of solvent, temperature, and the viscosity of the 

solvent. They expressed the correlation for molecular 

diffusion in water solvent by the equation: 

7.4 (4-11) 

where DL Molecular diffusion of the compound, cm2/sec 

Molecular weight of the solvent, g 



µ Solution viscosity, centipoise 

T Temperature, °K 

~ Association factor for solvent and equal to 2.6 for 

water 

Vm Molal volume of solute at normal boiling point, 

cm3/mole 

If the molal volume is not known, it can be calculated according 

to the procedure described by Treyba157. 

The film transfer coefficient in a completely mixed batch 

reactor used in rate studies was calculated according to the 

empirical relationship described by Letterman et a1.98 in the 

form below: 

(4-12) 

where kf Film transfer coefficient, cm/sec 

DL Molecular diffusion coefficient, cm2/sec 

R Radius of activated carbon pellet, cm 

s Dimensionless Schmidt's number 

RN Dimensionless Reynold's number 

The dimensionless S and RN are defined in the following equations 

s (4-13) 
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RN (2R)2/3 p1/6 
s 

(4-14) 

( L)~ 
PL 

in which µ Viscosity, Kg/cm sec 

PL Density of water , Kg/cm3 

Ps Specific power , cm2/sec3 

The por e diffus i on coefficient (Dp) was set equal to the 

molecular diffusion coefficient (DL) times the void fraction of 

the activated carbon Czp) . 

Dp (4-15) 

Based on the manufacturer's data zp is considered equal to 0 . 64 

for activated carbon type F-400 . 

The previously discussed coefficients wer e calculated for 

each of the compounds studied . Their values are presented in 

Table 4-8. 

The effective surface diffusi on coefficients, Ds, were 

dete r mined experimentally from completely mixed batch rate 

studi e s according to Hand et a1.55. The pr ocedure used is 

desc ri bed in Section 3 of th i s report . The experiments were 

performed in the followi ng sequence and the rationale for their 

select i on i s discussed accordingly. 

1. Mixed Component Batch Rate Study in Ultrapure Water 

Background 
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Table 4-8. Results of Batch Mass Transp:rt Coefficients in Ultrapure 
Water Background 

Canp:>t.nd 

2,4-DirIEthyl rhenol 

Najiltrel.ene 

Fll..O"'ene 

Film Transfer 
kf 

(aw' sec) 

1.3)4x10-2 

1. 190x1o-2 

Molecular 
Diffusion 

(~/sec) 

0. 757x10-5 

0.633x10-5 

Pere Diffusion 
D 

(cm2~sec) 

0.485x10-5 

0.484x1o-5 

0.404x10-5 

Surface 
Diffusion 

Ds 
(cm2/sec) 

4. 450x10-11 

1. 985x10-11 
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The effective surface diffusion coefficients for the 

compounds 2,4-dimethylphenol, naphthalene and fluorene were 

determined in three separate batch runs in the presence of each 

other in ultrapure water background. The required carbon dosage 

to achieve a 50% removal was calculated based on the initial 

concentration of the compound in which the Ds value was to be 

determined disregarding the presence of the other compounds. 

With this sequence of experimentation any effect on the Ds 

evaluation due to the competitive effect by the other compounds 

is now accounted for. The experimental data analysis for 

calculating the Ds values for each of the studied compounds is 

presented in Appendix D, Table D-1 to Table D-3. The homogeneous 

surf ace diffusion model (HSDM) and the pore and homogeneous 

surface diffusion model (PSDM) were both used to predict the 

mixed component batch rate data as shown in Figure 4-17 to Figure 

4-19. The corresponding raw data are presented in Appendix D 

Table D-4 to Table D-6. For each compound, HSDM substantially 

underpredicted the rate of diffusion. Such behavior was expected 

as the input data for the model considered only one compound 

while experimentally the other two compounds were present. The 

Ds values were calculated based on the experimental data so these 

values actually reflect the experimental behavior of the system. 

However, the deviation of the HSDM model prediction may 

theoretically reflect the competition effect of the other 

compounds. The PSDM model gave a better prediction of the rate 

of diffusion by allowing for the diffusion of the compound 

through the intersticial liquid in the pore which again 
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illustrates the importance of pore diffusion in the adsorption 

phenomena. 

In order to evaluate the validity of the calculated Ds values 

in mixed component batch rate studies, another batch rate study 

was conducted. In this experiment, the required activated carbon 

dose to achieve a 50% removal of the compound no longer holds. 

Instead, an intermediate carbon dose to achieve measurable 

experimental data points was selected and a batch rate study was 

conducted as previously discussed. The experimental, PHSDM and 

HSDM predictions are plotted in Figure 4-20 and the corresponding 

raw data are presented in Appendix D Table D-7. The results 

indicate a very good prediction by both PSDM and HSDM. The 

extent of variation between HSDM and PSDM prediction was much 

less than previously indicated for each one of the compounds. 

2. Effect of Complex Background on Diffusion Coefficients 

The effect of the complex background composition on the batch 

rate diffusion coefficient was evaluated for the compound 

2,4-dimethylphenol. The rationale of selecting this compound out 

of all the others is: 

The compound is representative of a chemically similar group 

of wide range substituted phenols that are commonly found in 

refinery and petrochemical wastewater. 

The solubility of the compound is high enough so a high 

concentration solution can be prepared for spiking the full 

scale pilot plant to an produce influent concentration in 

the required range. 
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Two si ngle component batch rate studies were conducted. The 

first experiment included 2,4-dimethylphenol in an ultrapure 

water background and the second included 2 ,4-dimethylphenol in 

a complex background of typical secondary wastewater effluent 

containing 20 mg/L of DOC. The rate study data are shown in 

Figure 4-21 and Figure 4-22. The corresponding raw data are 

presented in Appendix D, Table D-8 and Table D-9 . Ds values were 

calculated using the procedure described before and the results 

are presented in Appendix D, Table D-10 and Table D-11. The 

results indicate that HSDM and PSDM both underpredicted the 

experimental data in the ultrapure water background. For the case 

with a secondary treatment wastewater effluent background using 

Ds values and Freundlich isotherm parameters calculated in 

complex background mixture HSDM still underpredicted the 

experimental rate data. However, PSDM gave a much better 

prediction which again emphasizes the importance of pore 

diffusion. The Ds coefficient calculated in the complex mixture 

background showed a decrease of 41% compared to the value 

calculated in the ultrapure water background . There is no clear 

relation between adsorbability defined by the Freundlich model 

and effective diffusion. Higher adsorbability does not mean 

higher the effective diffusion coefficients. The decrease of 

effective diffusion coefficient due to complex background 

composition indicates the presence of the retardation factor 

which slows down·the diffusion within the carbon pellet . 

4.4 Minicolumn Studies 
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The minicolumn study was conducted for two ma i n reasons. 

The first r eason was to evaluate the film t r ansfer coefficients 

from the spontaneous breakthrough dimensionless concentrations. 

The second r eason was to test and compare the validity of the 

prediction of four computer adsorption models on t he specific 

compounds of inte r est in different background mixtures. The 

four tested models were: 

- Plug flow homogenous sur face diffusion model (PHSDM) 

- Plug flow pore and homogenous surface diffusion model 

(PPSDM) 

- Dispersed flow homogenous surface diffusion model (DFHSDM) 

- Dispersed flow pore and homogenous surface diffusion model 

(DFPSDM) 

The t heor y and the mathe matical formulation of the models are 

discussed previously in Section 2 of this report. 

4.4.1. Determination of Film Tr ansfer Coefficients 

Film transfer coefficients in a fixed bed adsorption column 

wer e eva l uated by various methods using empirical r elat i onships 

and analyt i cal solutions as follows: 

- Williamson Correlation 

This correlation62 was developed originally for evaluating 

liquid- phase mass transfer coefficients for a packed bed of 

benzoic ac i d spheres. The cor relation holds for a Reynold's 

number r ange of 0.08-120 which is expected in activated carbo n 

I 
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adsorption column applications. The equation which describes 

this correlation is: 

4 R -0.66 
2. N (4-16) 

where Vs = superficial velocity in column, cm/sec. The rest of 

the parameters are defined previously. 

- Wakao and Funazkri Correlation 

Thi s correlation63 was developed for evaluating the effect 

of dispersion coefficients in dilute solution and applied 

extensively for estimating film transfer coefficients in packed 

bed differential columns. The correlation is applicable for 

Reynold's number in the range of 3-10,000. the equation which 

describes this correlation is: 

2 + 1 • 1 R 0. 6 SO. 33 
N 

(4-17) 

All the parameters in this correlation are defined previously 

- Analytical Solution 

Levenspie158 discussed an analytical solution for the 

determination of film transfer coefficient from the spontaneous 

breakthrough concentration in a minicolumn. He included 

dispersion terms in this solution: 
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CIC 
0 

where Pe 

St 

4a exp(P /2) 
e 

(1+a) 2 exp(a P /2) - (1-a) 2 exp(-a P /2 ) 
e e 

Peclet number = VsLIDeE 

Stanton number = kfL(l-E)/R Vs 

a (1+12 St/Pe)0.5 

(4-18) 

(4-19) 

(4-20) 

The dispersion coefficient, De is estimated by the correlation 

proposed by Fried99. 

D e 

All these parameters are defined previously. 

( 4-21 ) 

The r esults of the calculated packed column film transfer 

coefficients for 2,4-dimethylphenol, naphthalene and f l uorene are 

presented in Table 4-9 along with other diffusion coefficients. 

4.4.2 Results of Multiple Component Mixtures in Ultrapure Water 

A Minicolumn fixed component study was conducted in 

ultrapure water background. The operating conditions of the 

columnn as well as the diffusion, isotherms and film transfer 

coefficients required for predicting each minicolumn run are 

presented in Table 4-10. A hydraulic load of 9.2 gpm/ft2 was 

selected which is acceptable for full scale plant applications. 

This provides an empty bed contact time (EBCT) of 0.039 minutes. 

The four prediction models were tested for predicting the 
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Table 4--9. Pcda:1 BOO 'Irmsfer Ca:!'fici.01ts 

Film 'Irmsfer Ca:!'fici.01t, kt' Disµ:rsim 
(Qw'sec.) Ca:!'fici.01t 

c.aq:nm Williars:n Walro & FaiazJ<ri De 
Q:rr>elatim Qrrelatim Analytical ~ (cif.!f:'£C.) 

2,4--DinEtJlylJtanl 7 .?78 x 10-3 6.88) x 10-3 8.03) x 10-3 

7.379 x 1()-3 

8.310 x 1<J3 

0.15ffi 

Naµ1tia1Ere 

fll.Il'Ere 

7.583 x 1<J3 6.<XJ1 x 1<J3 

6.:m x 10-3 5. 759 x 1<J3 

0.1500 

0.1646 

Pere DiffLBim 
Ca:!'fici.01t 

D 
(~f:'J2C.) 

0.484 x 1()5 

O.ll83 x 10-5 

O.l.05 x 1()5 

M:il.oo.Jlcr 
Di.ffLBim 

Dr. 
(cif./sec.) 

0.758 x 10-5 

0.757 x 10-5 

0.633 x 10-5 

*Sp:nt.cm:us ~ Ccnmtratim (CIC'.o), 2,4--DllrEthylJtanl = 0.197, .Naµ1tiB1Ere = 0.223, fll.Il'Ere = 0.183 

I-' 
w 
°' 



Table 4-10. Operation Characteristics of tre Mixed Cani:nnmt Miniool unn Stu:iy in 
UltraµJre Water Backgromd 

Paraneter NaJtithalene Floorai.e 

K (iJ-1./g) (L/µ.1. )**NF 788.5 CJJ7 . 9 1, 721.4 

1/Nf 0.236 0.334 0.414 

Ds , (an2/s.) 4.450 x 10-11 3. 369 x 10-11 1. 9CJJ x 10-11 
.. 

kr , (an/s.) 7.578 x 10-3 7.583 x 10-3 6.505 x 10-3 

Dp , (an21s.) 0. 485 x 10-5 o.485 x 10-5 0.405 x 10-5 

De , (an2/s . ) 0.1588 0.1589 0.1646 

Hydraulic Load, (gµn/ft2) 9. 2 

Colunn Dianeter, (an) 1.0 

Colunn Length, (an) 1.48 

Carron Type F - 400 

Particle Radius, (an) 0.0181 

Bed Volune, (an3) 1.162 

Carron Apparai.t Dai.sity, (glan3) 0.8034 

Carron Void 0.640 

Avg. Iii 7.0 

Temperature, (ct) 25 

RLB1 Ti.coo, (hr . ) 83.3 
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experimental data. Raw data are presented in Appendix E Table 

E-1 Table E-3. The results which are plotted in Figure 4-23 to 

4-25 show that PPSDM and DFPSDM models predicted the data better 

than both DFHSDM and PHSDM. The results also show that pore 

diffusion is the most influential factor in the adsorption of the 

four packed column predictions. The dispersion magnitude in the 

packed bed depends on two factors which are the Reynold's number 

and the concentration profile through the particle. If 

adsorption within the activated carbon is strong and rapid, the 

concentration profile through the particle becomes asymmet ric 

which leads to an additional contribution to axial dispersion. 

This effect is only important at low Reynold's number since at 

high Reynold values there is a sufficient turbulent mix to ensure 

a uniform boundary concentration around the individual activated 

carbon particles. Based on the previous discussion and 

experimental results, PPSDM is considered the model of choice for 

this study. To substantiate its validity, its predictive 

capability was evaluated by statistical linear regression and its 

sensitivity was evaluated for the major mass transfer 

coefficients and isotherm constants. The results of the 

statistical linear regression tests are presented in Table 4-11. 

The R-square, STD ERR and Root MSE values indicate a very good 

ability of PPSDM to predict the experimental data . However, the 

t-test theory indicated in all cases of intercept and slope a 

rejection outcome within 90% probability. The experimental data 

does not follow a pure normal distribution. By using C/C 0 which 

is less than one in all cases, very small standard error values 
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Tahle 4-11. Statisti<El Analysis of PPSl:M Prediction vs .Oooerved Data 
in MiniColunn Mixed Canp:ment Stu:iy (Ultrapure Watff' BackgrtotIDd) 

Paraneter 2,4-Di.I!Ethy1Jl1enol Naphtffilene Flu:rene 

Nunber of otservations 15 16 18 
R-scµ:ire -0.997 0.971 0.959 
Root MSE 0.020 0.034 0.026 
F-value 1890.6 464.6 376.5 
Intept. Estinated 0.077 0.115 0.135 
T. fer Ho= $0=0 5,03 4.44 7.20 
SID ERR 0.0153 0.0258 0.0187 
Sloi:e Estimate 0.865 0.812 0.714 
T fer Ho: $1 =1 -6.78 -4.99 -7,77 
SID ERR 0.0199 0.0377 0.368 
Reliability Index 

Kg 1.079 1. 111 1.158 
S\lllSq 0.022 0.044 0.097 
Ks 1.079 1. 111 1. 159 
Sun Sq 0.087 0.178 0.392 



a r e produced which in turn can give high t-test values that more 

likely will fail this test. The reliability index procedure as 

discussed in Section 3 can give a much better basis of comparison. 

The procedure discussed in section 3 was originally designed for 

correlating various models for the same type of data sets and its 

application in this kind of study is more appropriate. The 

closer the Kg and Ks va l ues are to one the better correlation 

will be. The results of the reliability index parameters are 

presented i n Table 4-11. The values of Ks and Kg ranged from 

1.079 - 1.159 which indicate a very good prediction of PPSDM fo r 

the three organic compounds tested. 

The sensitivity of the PPSDM prediction of the minicolumn 

study was tested for various diffusion coefficients and isotherm 

constants by varying their values ~ 50%. Experimental procedure 

error as well as the error of the empirical relationships used 

for evaluating these constants are expected to be in the range of 

~ 20%. Plots of the deviation from PPSDM prediction in the mixed 

component minicolumn study in ultrapure water are shown in Figure 

4-26 toi Figure 4-28. The results indicate that in general, by 

increasing the constant values the PPSDM will under predit and by 

decreasing the constants values the PPSDM will overpredict. The 

XK coefficient which is a measure of the Freundlich isotherm 

carbon capacity showed the highest deviation followed by XN, Dp 

and Ds· The film transfer coefficient kf showed the highest 

deviation in the initial stage of the breakthrough curve behavior 

and then the course tampered to less deviation than Ds as the 

break through curve progressed. To further measure the 
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sensitivity of the model a Monte-Carlo approach in which the 

model input constants are randomly withdrawn from normal 

distribution would be appropriate. By running the model X number 

of times, the certainty can be evaluated. However due to the 

relative long CPU time of PPSDM this approach becomes unfeasable. 

Therefore, to lump-sum the maximum possible cumulative error of 

all the model constants, each was incremented by ~20%. The 

results of this are plotted as shown in Figure 4-29 to 4-31 for 

each of the organic compound in the mixed component minicolumn 

study. All experimental values fall in the range of the maximum 

+ 20% error boundary. 

4.4.3 Background Effects on Minicolumn Prediction 

A minicolumn study was conducted to evaluate the impact of 

DOC in a complex mixture background (secondary effluent 

wastewater) on the prediction of 2,4-dimethylphenol. The 

selection of 2,4-dimethylphenol was due to its intermediate 

adsorbability relative to the other organic compounds. This 

compound is also a major constituent of a large group of phenols 

which characterize refinery and petrochemical wastewater and the 

high solubility in water of this compound makes it much easier to 

achieve feasable pilot plant influent concentrations by spiking. 

Two minicolumn studies were conducted, one with 

2,4-dimethylphenol in ultrapure water background, and the other 

in a secondary effluent background with a 20.4 mg/L concentration 

of DOC. The operationa l characteristics as well as the 

specifications of both minicolumns are exactly similar and are 
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presented in Table 4-12. As for the case of the mixed component 

minicolumn study, PHSDM, PPSDM, DFHSDM and DFPSDM were used to 

predict the br eakthrough curve characteristics. The experimental 

data in compar ison with the predicted values are plotted as shown 

in Figure 4-32 and Figure 4-33 with the cor responding raw data in 

Tables E-4 and E-5. The values of the constants, K, 1/Nf and Ds 

were used relat i ve to the corresponding background mixture 

previously estimated. 

In the ult r apure water background case, the 

2,4-dimethylphenol breakthrough curve was predicted well. At the 

initial stages of breakthrough ( <15x1o3 bed volumes contacted) 

the pore diffus i on models indicated a better prediction than the 

surface diffusion models. However, after this point the pattern 

changed and the surface diffusion models gave a better prediction. 

Pore diffusion models will still be the model of choice in this 

study. Since for design consideration, the initial stages of 

breakthrough are the most important. Although the influent 

concentration of 2,4-dimethylphenol varied only in the range of 

10% in both minicolumn studies, the breakthrough occurred much 

faster for the case with secondary wastewater background. The 

competitive adsorpt i on isotherm study (section 2) indicated that 

the influence of the DOC background acted in two ways, first by 

retarding t he diffus i on of the specific organic compounds and 

second by reducing the capacity of the activated crbon as 

represented by the Freundlich constant K. Such observations are 

confirmed by the minicolumn study. By observing Figure 4-33, it 

can be visually observed that pore diffusion models gave a better 
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Table 4-12. Operation Characteristics of Single-Solute 2,4-Dimethylphenol 
Minicolumn Study in Different Water Background 

Parameter 

K,(uM./g)(L/1.11.)**1/Nf 
1/Nf 
Ds,(cm2/sec) 
kf, (cm/sec) 
Dp, ( cm2/sec) 
De• (cm2/sec) 

Hydraulic Load, (gpm/ft2) 
Column Diameter, (cm) 
Bed Length, (cm) 
Carbon type 
Particle Radius, (cm) 
Bed Volune, (cm3) 
EBCT, (min.) 
Carbon Apparent Density, (g/cm3) 
Carbon Void 
Avg. pH 
Temperature, (°G) 

Ultra Pure Water 
Background 

788.5 
0.2357 
5. 93ox10-11 
7 .578x10-3 
o.485x1o-5 
0. 1588 

10.9 
1.0 
2.35 
F-400 
0.0181 
1.846 
0.052 
0.8034 
0.64 
7. 1 

22 

Secondary Effluent 
Background 

(avg. DOC = 20.4 mg/L) 

170.0 
0.3763 
3. 158x10-11 
7. 578x10-3 · 
0.485x1o-5 
0. 1588 

152 



-0 
0 1.0 ...... 
0 -z 
0 0.8 
..... 
< 
a: 
..... 0.6 
z 
w 
0 
z 
0 
0 

c 

0.4 

~ 0.2 
:::> 
c 
w 

___......, . ····~ ..... . ~·-.;:::. • ..;::::--· -==-~..:-=-- .:...--• _ . .---:.- ~ - ~~~-
-·-- -

'• ... 
.. ~·~. ./•/ ..... _,..,, 

_.,,...,// 
• ft ..... 

. /;• . . '/ 
·p. 

, "I 
A• 
'le 

e EXPERIMENTAL DATA 
- PHSDM PREDICTION 
- - PPSDM PREDICTION 
•· • • DFHSDM PREDICTION 
-·- DFPSDM PREDICTION 

a: o..._~~---~~--~~--~~~---~~---~~----~~~ 

0 10 20 30 40 50 60 70 

BED VOLUMES x 1 o3 

Figure 4- 32 Single- Solute Minicolumn Breakthrough of 2,4-Dimethylphenol in 
Ultrapure Water Background 

,..... 
l.'1 
w 



154 

r---------------------------------------------0 IO 

t> 

t> 

t> 

t> 

• • 

• 

(J 

0 
Q ...I 

<co 1-1-zzzzz 
<<woo22 
CCz--l-l-
...1...1Q.bb22 
<c...1--cc 
1-1->ccww 
zzJ:WWa::a:: 
W W I- a: a: CL CL 
22wCLa. 
a:a:~22~~ 
wwcccrnrn 
Q. CL 4 tn ti) l: CL 
)( >< • l: CL &&.. &&.. 
WW('\IQ.Q.QQ 
t> • I : : i 

0 00 w v (\J 

. d d d d 

<0
010> NOil. Vl:ll.N30NOO a::1ona3l:I 

0 
v 

0 )( 
rt') en 

w 
2 
:::> _. 
0 

0 > 
(\J 

0 

0 
w 
m 

Figure 4-33 Single-Solute Minicolumn Breakthrough of 2 , 4-Dimethylphenol in 
Complex Mixture Background 



prediction than surface diffusion models. For statistical 

support of this conclusion, the reliability index analysis was 

applied to the results of predict i on of the four used models 

versus the experimental results of the minicolumn study of 2,4-

dimethylphenol in ultrapure water background. This study was 

selected for comparison purposes as it v i sually showed the 

highest discrepancy of the four models. The results are 

presented in table 4-13 . The closer the Kg and Ks values are to 

one, the better the agreement between the model prediction and 

the experimental data. This indicates that PPSDM gave the best 

fit followed by DFPSDM, PHSDM and DFHSDM. Linear regression 

analysis and reliability indices of PPSDM prediction versus 

observed data are presented in Table 4-14 for both minicolumn 

runs in ultrapure water and in complex mixture. 

4.5 Pilot Plant Study 

This section of the study investigates the performance of 

the GAC pilot plant for treating 2,4-dimethylphenol in secondary 

wastewater effluent background. The pilot plant was located in 

the South Kingstown Wastewater Treatment Facility in Rhode Island. 

Influent to the pilot plant was pumped through the full-scale 

plant secondary clarifier. A schematic of the pilot plant and 

its specifications have been discussed in section 2. The pilot 

plant consists of a dual media filter for suspended solids 

removal, followed by two ident ical GAC packed bed columns 

arranged in parallel and containing F-400 12x30 U. S. mesh number. 

The flow to the packed beds was set to provide an average EBCT of 
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Table 4-13. Reliability Index Analysis for Various Models 
Prediction vs. Experimental Data of 2,4-
Dimethylphenol (Ultr apure Water Backgr ound) 

Parameter PPSDM PHSDM PFHSDM 

Kg 1 . 159 1. 332 1 . 339 

SUM SQ. 0.065 0.243 0.252 

Ks 1 . 159 1. 339 1 . 346 

SUM SQ. 0.262 1 . 024 1 . 062 

NO. OBSERVATIONS 12 1 2 12 
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DFPSDM 

1 .174 

0.077 

1 . 1 75 

0.312 

1 2 



Table 4-14. Statistical Analysis of PPSll1 Prerd.iction Versus Oooerved Data 
of 2,4-DiroothylI)1enol Minioolunn Study 

Paraneter 

Nunber of oooErvation 
R-Squa.re 
Root MSE 
F-Valoo 
Intcpt. Estimated 
T. fer Ho: ~1 = 0 
SID ERR 
Reliability Index 

Kg 
311 SQ. 

Ks 
SJM SQ 

Ultra p.ire watEr 
Bacl®"Ound 

12 
0.963 
0.0498 
258.2 
0.083 
2.47 
0.033 

1.159 
0.065 
1.159 
0.262 

Seoondary Wastewater 
Effioont Bacl®"ound 

11 
0.983 
0.0235 

533.2 
0.147 
5.830 
0.025 

1. 133 
0.043 
1.135 
0.175 
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3.56 and 1 .75 minutes for co lumn I and II respectively. The 

pilot plant flow was 1 .3 gal/minute and the hydraulic load to 

column I was set to 6.1 gpm/ft2 and column 12.4 gpm/ft2. 

The pilot plant backwash system was arranged in a way to 

provide clean water for the dual sand filter and to use the 

actual wastewater passing through the sand filter to backwash the 

GAC columns. This sequence provided minimum disturbance of the 

GAC beds and reduced the backwash frequency of the sand filter to 

once every 24 hours and the GAC column to once every two to three 

days. 

During the study period, the influent pH ranged from 6.8-7.0 

and the influent temperature ranged from 17.8-18.9°C. The pilot 

plant influent BOD 5 which is the effluent of the full-scale 

treatment facility ranged from 9-15 mg/L. The influent DOC 

concentration averaged 20.34 mg/L with a standard deviation of 

2 .47. By observing the breakthrough curves data, it can be seen 

that the nonadsorpable fraction of DOC approached 50% for both 

EBCTs tested which confirm again that the nonadsorpable fraction 

is truly nonadsorbable organics and not merely slowly adsorbed 

compounds and thus a function of EBCT. 

The pilot plant study served three major purposes, the first 

was to test the predictability of the minicolumn's verified PPSDM 

and DFPSDM in a much larger scale pilot plant subjected to an 

actual wastewat er characteristic conditions. The second 

objective was to evaluate the influence of EBCT on model 

prediction. The third object i ve was to compare the performance 

of the minicolumn study to a much larger pilot plant in an 
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attempt to eval uate parameters that may influence up-scaling 

considerations required for full-scale design of carbon packed 

bed treatment facilit i es. 

Figure 4-34 and Figure 4-35 present the predicted 

breakthrough curves along with the experimental data of 

2,4-dimethylphenol and the experimental DOC breakthrough in 

Columns I and II. Operation characteristics are presented in 

Tabl e 4-15. Since the two columns ar e arranged in parallel with 

the same amount and type of carbon, any variation of the 

character istics of breakthrough curves ars attr ibuted di r ectly to 

the influence of EBCT. The variation of the influent suspended 

solid concentration produced an unaccounted for head loss in the 

sand filter. Therefore it was difficult to maintain a constant 

flow to the GAC columns which in turn caused a variable influent 

concentration of 2,4-dimethylphenol. Influent concentration 

va r iations are plotted on these figures as C0 /C where C is the 

average concentration through the pilot plant operation pe r iod. 

DOC breakthrough curve s indicat e an immediate br eakthrough at 

C/C 0 equal to 0.52 for both EBCT. This indicates that 48 percent 

of the total DOC concentration is nonadsorpable. Total 

breakthrough occurred after 6500 and 10,000 bed volumes 

respectively for columns II and I which is, somewhat equivalent 

to their EBCT ratio. The r esults which are plotted in Figur e 

4-34 and Figure 4-35, shows that the predict i on by DFPSDM and 

PPSDM are pract i cally equivalent which ind i cates that the 

dispersion coefficient is insignificant in this pilot plant 

study.l For the case of the EBCT of 1 ,75 minutes both models 

159 



t
z"' 1.5 
WIO 
::> ..... 
..J 0 
u.. 0 
z~ 0.5 ~---------------------, 

"V 

z 
0 

10 

i== 0.8 
< a: 
t-

ffic, 0.6 
Oo z ..... 
00 
o~ o.4 
0 w 
0 
::> 
0 w 
a: 

0.2 

"V 
'Q 

'Q 
"V 

"V 

"V 

"V "V 0 

"V 

"V 

'Q 

0 ~ 0 

o e INFLUENT PROFILE 
"V DOC BREAKTHROUGH 
o EXPERIMENTAL DATA 

2,4-DIMETHYLPHENOL 
- PPSDM PREDICTION 
- - DFPSDM PREDICTION 

0 lmrrrr)J>-'p- I I I I I ! 

0 2 4 6 8 10 12 14 

BED VOLUMES CONTACTED x 10
3 

Figure 4-34 Pilot Plant (Column I) Breakthrough for 2,4-Dimethylphenol in South 
Kingstown Wastewater Treatment Facility Effluent 

1--' 
OI 
0 



.... 
ffi '° 1.5 :::> ...... 
..J 0 -LLO 
z"" - 0.5 

z 
0 
~ 0.8 

< 
a: .... 
z"' 0.6 w 0 
oo 
z' ge o.4 
0 
w 
0 :::> 0.2 
0 
w 
a: 

vv 
v 

v 

v 
v 

v ,;< 
0 0 

v v 

- --- -
0 

0 

0 

v 
0 

v 
0 

e INFLUENT PROFILE 
V DOC BREAKTHROUGH 
o EXPERIMENTAL DATA 

2 ,4-DIMETHYLPHENOL 
- PPSDM PREDICTION 
- - DFPSDM PREDICTION 

O IUU "\.U I I I I I I I I I I 

0 2 4 6 8 10 12 14 16 18 20 

BED VOLUMES CONTACTED X 103 

Figure 4-35 Pilot Plant (Column II) Breakthrough for 2,4-Dimethylphenol in South 
Kingstown Wastewater Treatment Facility Effluent 

...... 
O"I 
...... 



Table 4-15. Operation Characteristics of 2,4-Dimethylphenol Pilot Plant 
Study. 

Parameter 

Hydraulic Load, (gpm/ft2) 
Column Diameter , (cm) 
Bed Length, (cm) 
EBCT, (min) 
Carbon Type 
Average Particle Radius, (cm) 
Bed Volune, (cm2) 
Carbon Apparent Density, (g/cm3) 
Carbon Particle Void 
pH Range 
BOD5 Range, (mg/L) 
Temperture Range (c0 ) 

K, (µM./g) (L/µM.)**1/Nr 
1 /Nr 
Ds, (cm2/sec) 
kr, (cm/sec) 
Dp, (cm2/sec) 
De, (cm2/sec) 

Column I 

6. 1 
1o.16 
88.5 
3.56 

F-400 
0.062 

7175 
0.803 
0.64 
6.8-7.0 
9-15 

17.8-18.9 

170.0 
0.3763 
3. 158x10-11 
7.578x10-3 · 
o.485x1o-5 
0.1588 

Column II 

12.4 
10. 16 
88.5 
1. 75 

F-400 
0.062 

7175 
0.803 
0.64 
6.8-7.0 
9-15 

17.8-18.9 
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predicted the effluent profile of 2,4-dimethylphenol fairly well. 

In the case of 3.56 minutes EBCT, a much better effluent profile 

prediction was produced. Statistical analysis of observed versus 

predicted results are presented in Table 4-16. As observed in 

the minicolumn statistical analysis, the obtained values of T 

tests in both models falls off the acceptance boundaries with 90% 

probability. However, the reliability index Kg recorded 1 .38 and 

1.63 for the prediction of PPSDM and DFPSDM, respectively . Both 

models overpredicted the experimental data particularly at the 

initial stages of breakthrough curve progress. This indicates 

that the contribution of the pore diffusion coefficient is 

experimentally higher than the calculated one. Increasing the 

pore diffusion coefficient value will give a better prediction as 

previously shown in the sensitivity analysis of the minicolumn 

study. The better prediction obtained in the case of the higher 

EBCT study verify this observation. The increase of contact time 

adsorbate molecules allows them to diffuse deeper into the pores 

of carbon pellets. The raw data of the pilot plant study are 

presented in Appendix F Table F-1 and Table F-2. 
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Table 4-16. Statistical Analysis of 2,4-DimathylJiieool Predicted vs. 
Observed in Pilot Plant Stu:iy 

Statistical 
µ:ir'aneters 

No. of observations 
R-SCR 
Root MSE 
F-Valoo 
Intcpt 
T fer Ho: $0 =0 
SID ERR 
Slo~ 

T fer Ho: 81=1 
SID ERR. 
Reliability Index 

Kg 
Sun Sq. 
Ks 
Sun Sq. 

COLlMl I 

PPSLM DFPSLM 

15 15 
0.96 0.96 
0.06 0.06 

298.9 308.1 
0.10 0.11 
3.72 4.12 
0.027 0.026 
0.78 0.77 

-4.84 -5.31 
0.045 0.044 

1.38 1.44 
0.39 0.49 
1.65 1.45 
1.65 2.10 

PPSLM DFPSLM 

17 17 
·0.77 0.78 
0.10 0.10 
51.5 52.7 
0.29 0.30 
4.78 5.01 
0.061 0.059 
0.66 0.66 

-3.63 -3.78 
0.093 0.091 

1.63 1.64 
0.97 0.99 
1. 73 1.75 
5.15 5.33 

164 



CONCLUSIONS 

Based on the results of this study, the principal conclusion 

of this research are summarized as follows: 

1. Among the four single-solute isotherm models tested, 

the Modified Freundlich and the three parameter's model 

provided the best fit to the experimental data. The 

isotherm parameters calculated are applicable to a wide 

range of the studied organics concentrations that can 

reach as high as 80-95% of the saturation concentration 

of fluorene, pyrene, naphthalene and 

bis(2-Ethylhexyl)phthalate and up to 65 mg/l for 

2,4-dimethylphenol. 

2. The calculated adsorption capacities can be arranged in 

decending order as follows: pyrene, fluorene, 

naphthalene, 2,4-dimethylphenol and bis(2-ethylhexyl) 

phthalate. Apart from the compound bis(2-ethylhexyl) 

phthalate, an increase in adsorption capacity was 

observed compared to the decrease in solubility of the 

compound in water. The deviation of bis(2-ethylhexyl) 

phthalate was attributed to its relative high molecular 

volume, however, there was no correlation between 

adsorption capacities and molecular volumes among the 

rest of the compounds. 

3. Dubinin-Polanyi adsorption isotherm worked well for 

fitting isotherm data. However it was unsuccessful as 

a predictive model when tested in · a bi-solute system. 
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This is attributed to: lack of good solubility data 

and lack of good physical property data which could 

characterize adsorption behavior . 

4. IAS prediction using single-solute isotherm parameters 

worked very well in evaluating the competitive 

interactions for multi-component mixtures in an 

ultrapure water background. However, the theory was 

unsuccessful when tested for prediction on multi

component mixture in complex wastewater background. 

Considerable improvement in the IAS prediction was 

achieved when the single-solute isotherm parameters 

were replaced by a new set of isotherm parameters 

calculated from complex background mixture isotherms. 

5. The selection of a fictive or surrogate parameter such 

as DOC is one choice for evaluating the competitive 

effect in a complex mixture background . 

6. The calculated effective diffusion coefficient "Ds" in 

ultrapure water background and in a complex mixture 

background indicated that there was a substantial 

decrease in "Ds" values which were evaluated in the 

complex mixture. This emphasizes the impact of the DOC 

parameter on the intraparticle diffusion rate . 

7. For batch systems , HSDM underpredicted the experimental 

data for all of the compounds tested. However, PSDM 

gave a much better prediction which emphasizes the 

importance of pore diffusion as a controlling factor in 

both an ultrapure water background and a complex 
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mixture background. Similar results wer e concluded for 

packed bed systems. Among the four models tested 

(PHSDM, PPSDM, DFHSDM , DFPSDM) PPSDM and DFPSDM gave 

the best predictions. 

8. The competition between the strongly adsorbed compounds 

studi ed and the weakly adsorbed lumped DOC background 

in secondary wastewater eff l uent is not site 

preferential. Retardation of adsorption of the 

strongly adsorbed compound may occur. 
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RECOMMENDATIONS 

Based on the work that has been conducted in this study 

outlined below are several areas that require further research 

effort: 

1. The relative importance of GAC adso r ption and 

biodegradation in the removal of priority o r gan i cs 

needs further assessment. So far there are no 

available prediction models that include both 

biodegradation and adsorption interact i ons. Based on 

observations from this study the biodegradation rate 

kinetics may be evaluated by successively exhausting 

and bio-regenerating the activated carbon in a packed 

bed. For example, if the car bon is exhausted and then 

the process is shut off for a certain time the 

difference in carbon capacity can be directly related 

to biodegration. By successive exhaustion and 

bio-regeneration at different time intervals the rate 

of bio-degradation can be evaluted. 

2. The deviation of the IAS prediction should be eval uated 

in various background mixtures other than secondary 

wastewater effluent. For example various raw sewage 

and industrial wastewater combinations can be evaluated. 

The impact of different strengths of the DOC fictive 

parameter on the deviation of IAS prediction is a 

worthwhile consideration. 
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3. It is recommended that the impact of different 

strengths of DOC fictive parameter in complex 

background mixture on the diffusion rate coefficients 

be evaluated for other than secondary wastewater 

effluent. 
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Roman Symbol 

A 

aio 

a 

B 

b 

bi o 

bij 

Bi 

c 

Cc 

Ce 

Ci 

Co 

Cp 

Cs 

Cs 

De 

Dg 

DL 

Dp 

Ds 

f(c) 

fi 
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NOTATION 

Description and Units 

Area of solution - solid inter face 

Freundl i ch isotherm constant for multi-sol ute system 

External surface area/ unit volume 

BET Energy Constant (dimensionless) 

Langmuir model constant related to net enthally 

Isotherm constnat (dimensionless) 

Isotherm constant (dimensionless) 

Biot number = kfR/3Ds£ (dimsionl ess) 

Bulk solution concentration (M/L3) 

Saturation concentration (M/L3) 

Equilibrium concentration (M/L3) 

Solute i bulk liquid concentration in Gibbs-Duhem 

Influent concentration in packed bed and concentr a
tion at t = o in batch system (M/ L3) 

Adsorpate concentration in par ticle pore void (M/L3) 

Solvent concentration in Gibbs-Duhem equation (Mole/L3) 

Fluid phase concentration near surfaceparticle (M/L3) 

Dispersion coefficient (L2/T) 

Solute distribution parameter qePs(1-£)/C0 £ (dimen
sionless) 

Molecular diffus i vity (L2/T) 

Pore diffusion coefficient(L2/T) 

Surface diffus i on coefficient (L2/T) 

Solid phase concentration as a function of liquid 
phase concentration (M/M) 

Fugacity of adsorbate i in mixture (M/T2) 



FSY 

H 

K 

L 

m 

nD 

Nd 

1/Nf 

p 

Constant i Singer-Yen modified Freundlich model 

Helmholtz energy of the adsorbed phase (ML2/T3), 
kcal/Mole) 
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Freundlich isotherm constant, ~ M. Freundlich Constant 

Adsorption energy constant in polanyi model (Mole/K.Joul) 

Liquid film mass transfer (L/T) 

Geometrical reliability index (dimensionless) 

Henry's coefficient 

Henry's coefficient referenced to temperature T0 

Statistical reliability index (dimensinless) 

Packed bed length (L) 

Carbon dosage (M/L3) 

Melting point OC 

Molecular weight (g) 

Molecular volume ((A)3) 

Refractive index 

Surface diffusion modulus DsDg</R2 (dimensionless) 

Freundlich isotherm and modified Freundlich constant 
(dimensionless) 

Number of moles of solute i in solution 

Number of moles adsorbed on surface 

Total number of moles 

Power dissipated in batch reactor (ML2113) 

Peclet number VaLIEDe (dimensionless) 

Specific power (L2/r3) 

Adsorbent phase concentration in equilibrium (M/M) 

Langmuir monolayer saturation constant (M/M) 

Solid phase concentration at particle surface (M/M) 



R 

R 

r 

s 

Sh 

St 

St 

T 

t 

T 

XK 

z 

GREEK 

Singer-Yen model constant 

Adsorbent radius (L) 

Gas constant (Joules/Deg. Mole) 

Radial coordinate (L) 

Reynold number (dimensionless) 

Radius of intraparticle pore (L) 

Entropy 

Schmidt number µ/pLDL (dimensionless) 

Sherwood number 2 kfR/DL (dimensionless) 

Stanton number 

Modified Stanton number St/3°C (dimens i onless) 

Absolute temperature (°K) 

time (T) 

Torque 

Difference in internal energy between adsorbed and 
disolved phases (ML2/T2) 

Approach velocity in carbon bed (LIT) 

Molal volume (L3/Mole) 

Adsorbent pore volume ((A0 )3) 

Superficial vel ocity in column = Va (L/T) 

Maximum solid phase loading in Polanyi model (L3/M) 

Denote Freundlich constant in adsorption models 

Longitudinal coordinate in packed bed (L) 

Adsorbed-phase mole fraction 

Isotherm constant in three parameters model 

Isotherm constant in three parameters model 
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B1 

£ 

£ 

µ 

Pa 

Pl 

Ps 

p 

0 

w 

SUBSCRIPT 

i 

r 

s 

T 

SUPERSCRIPT 

a 

m 

Slope constant in linear regression 

Intercept constant in linear regression 

Bed void fraction (dimensionless) 

Adsorption potential in Polanyi model (L3/K •Joul) 

Intraparticle void fraction (dimensionless) 

Liquid viscosity (M/L •T) 

Chemical potential of solute (kcal /mde, ML2/T2) 

Chemical potential of solvent (Kcal/mole, ML2/T2) 
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spreading pressure = difference in interfacial tension 
of pure solvent and solid interface (M/T2) 

Apparent density (M/L3) 

Fluid density (M/L3) 

Density of the solid including pore voids (M/L3) 

Density of compound (M/L3) 

Interfaci al tension 

Hydraulic residence time (T) 

Angular velocity 

Association factor of solvent 2.6 for water 

Denote solute i 

Denote reference component in polanyi model 

Denote solvent 

Denote total amount 

Denote adsorbed phase 

Denote liquid phase 

Denote unspecified amount of adsorbent 



0 

A 

ABBREVIATIOANS 

DAF 

DFHSDM 

DFPSDM 

DOC 

GAC 

HSDM 

IAS 

KNPC 

LPG 

MSR 

PAC 

PHSDM 

PPSDM 

PSDM 

RE 

RMSE 

SIA 

SSR 

T 

Denote single-solute adsorption 

Denote ideal dilute solution (Henry's Law) 

Denote dimensionless symbol 

Denote estimated value in t-test distribution 

Dissolved Air Flotation 

Dispersed Flow Homogenous Surface Diffusion Model 

Dispersed Flow Pore Surface Diffusion Model 

Dissolved Organic Carbon 

Granular Activated Carbon 

Batch Homogenous Surface Diffusion Model 

Ideal Adsorption Theory 

Kuwait National Petroleum Company 

Liquified Petroleum Gas 

Mean Square Error 

Powdered Activated Carbon 

Plug Flow Homogenous Surface Diffusion Model 

Plug Flow Pore and Surface Diffusion Model 

Batch Pore and Surface Diffusion Model 

Relative Error 

Relative Mean Square Error 

Shuaiba Industrial Area - Kuwait 

Sum of Squares Due to Regression 

Student-t-Test 
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APPENDIX A 

I 
- Preparation of Activated Carbon 

- Procedures for Conducting Isotherm Stud i es 



Appendix A Methodology for Carbon Preparation and Bottle Point 
Isotherm Studies 

The following procedures were applied for conducting all 

adsorption isotherm experiments performed in this study. The 

methodology emphasized reducing the possibility of contamination 

by external sources of trace organics and the elimination of any 

substantial microorganism activity. 

I. Cleaning .procedure 

All glasswari used in the isotherm studies was cleaned from 

any trace organics according to the following procedure: 

a. All glassware was washed with a free phosphate 

laboratory cleaning agent . 

b . The washed classware was then rinsed with ultra pure 

water which was prepared in the following manner: 

1 . Distilled water produced using Wheaton autostill - 5 

distillation unit. 

2. The distilled water was passed through activated 

carbon column to remove traces of organics . 

3. The organic free water was then filtered using 

millipore membrane filter (size 0 . 45 µ) to remove 

microorganisms . 

II. Preparation of powdered activated carbon 

As the time to equilibrium is dependent on activated carbon 

particle size, powdered activated carbon was used to conduct 

all isotherm studies . The powdered activated carbon (PAC) 

l~ 



was prepared from representative granular activated carbon 

(GAC) used in the mfni column and pilot plant studies. 

a . Procedure for washing GAC 

1. The GAC was placed in clean 500 ml glass beakers one 

third full of carbon and washed with ultrapure water 

while stirring until all scum and fine materials 

were removed. 

2 . The extra water in the beakers was decanted and the 

wet carbon dried over night at 105°c. 

3. The dried carbon was put in a dessicator for two 

hours. The dessicated carbon was then transferred 

to a clean bottle and stored airtight for future 

use. 

b. Crushing GAC 

a. A ball mill was used for crushing the GAC. All the 

equipment used for crushing the GAC was first 

cleaned in accordance with glass cleaning procedure 

described in section 1. 

1. A reasonable portion of the washed GAC was placed in 

the ball mill and allowed to crush for 30 minutes. 

2. The crushed carbon was sieved through U.S. No. 200 

and 325 sieves for a period of 20 minutes. 

3 . The carbon retained on the 325 mesh screen was 

collected and steps 1 and 2 were repeated on the 

portion of carbon retained on the 200 mesh screen. 

4. Steps 1 ,2,3 were repeated in sequence until enogh 

PAC was collected. 
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c. Procedure for washing PAC 

1. The PAC produced in the previous section was placed 

in isotherm bottles up to the one-third mark. 

2. The remaining volume was then filled with ultr a pure 

water and shaken for a few minutes. Then 

centrifuged for 20 minutes. 

3. The supernatant was poured off to remove any 

remaining fines produced during crushing. 

An airtight dark bottle was dried overnight at 

5. The dried bottle was then dessicated for 20 minutes. 

6. The PAC was then placed in the airtight bottles and 

stored in the dark for further usage. 

III. Conducting Isotherm Studies 

a. Determination of Carbon Dosages 

The procedure described below presents the determination 

of carbon dosages using the Freundlich isotherm model. 

The equations can be modified to incorporate any other 

isotherm model required. 

1. The initial solute concentration can be calculated 

considering the highest solid phase concentration 

required q and the optimum balance accuracy 

available. The equation used is: 

C0 = Ce + qM/V 

2. Range of carbon dosages can be determined based on 

the accuracy of the instrument available for 
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measuring solute concentration Ce, and the accuracy 

of the balance available. 

M = V(Co - Ce)/q 

b. Solution Preparation 

1. The required volume of ultra pure water and/or the 

background water was placed in a suitable size glass 

container. 

2. The water matrix was buffered using a 10-3 M 

phosphate buffer. (1 mL of potassium monobasic 

phosphate solution per liter of water). pH was 

adjusted to the required pH using 1N NaOH or 1N 

H2S04. 

3. A stock solution of the required priority organics 

was prepared in ultra pure methylene chloride 

solvent. 

4. The stock solution was spiked in excess of the 

initial concentration required in the water matrix 

with the volume not to exceed 1% of the total volume. 

Continuum mixing was maintained in the container 

using a magnetic stirrer, until all methylene 

chloride evaporates. 

c. The solution was filtered through a glass wool filter to 

remove any suspended solids or any organics containing 

undissolved particles. 

d. The carbon dosages were added to each isotherm bottle 

except the blank bottles. The bottles were then filled 

with the prepared solution by siphoning from the 
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solution container unt il there was no headspace and 

tightly capped. 

e. The bottles were then placed on the rotating contactor 

to reach equilibrium for 6 days. 
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Table B-1. Sirlsle Solute Is::t.h:rm Data fa' 2,4-DirrEtJ1YlJiHDl 

Initial Ccrtm F.qill.itriun Solid µme Ce % 
Cm::!. IXre Cm::!. Cac. (WL) (Wg-C) 

C0 (OWL) Ce % 
CITWL) COWL) (I!Wrrg-C) 

100.810 
100.810 
19.649 
19.649 
19.649 
3.910 
3.910 

111.10 
187 .00 
37.10 
fD.00 
84.10 
7.aJ 

26.aJ 

TESt Crara::'ta"istics: 
Am:rt:ro t)'J:e 

Am:rt.Ent size 
i:H 
Tarµ:ratLre 
Fquilitriun µricd 
Carµul'.i M.W. 

64.(JJ{ 
35.411 
10.(XJl 
6.Z79 
3.139 
1.9J) 
o:no 

0.102 
0.391 
O.db 
0.23) 
0.1% 
0.Z75 
0.1aJ 

= Activated Ccrtm F-1.JOO 

0.5247E-3 
0.2freE-3 
0.8192E-4 
0.511.ffi-4 
O.O?OE-4 
0.1sa:E-4 
0.63XE-5 

= PGd:r, ax:> x 30 U.S. Sieve No. 
= 6.8, !ilffera:i 
=~ 
= 6 d3.ys 
= 122.16 

0.3294E-2 
0.2$;8E-2 
0.212BE-2 
0.1001E-2 
0.161f:-2 
0.2247E-2 
o.~-3 
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rable s-2. Single Solute Isotrerm Data fer Na]Xlthalene 

Initial Cooc. Carron Dose Equilil:riun Cooc. Solid Phase 
Concentration 

Co Ce % 
(mg/l) (mg/l) (mg/l) (mg/rqs-C) 

32.666 21 .06 19.288 0.635 
32.666 52.63 9.248 0.615 
32.666 105.26 1.~ 0.298 
8.035 2.11 7.032 0.476 
8.035 15.27 3.214 0.316 
8.035 35.76 0.732 0.204 
1.520 21 .06 0.034 0.070 
1.520 10.53 0.157 0.129 

Test Characteristics: 

Acls<rbent t~ 

Adscrbent size 

Tan~rati.re 

Activated caroon F=400 

Pcwder, 200x325 U.S. Sieve No. 

6.8, Mfered 

2~ 

Equilitriun ~riod = 6 days 

CanjX)und M.W. = 128.16 
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Ce % 
(M.IL) (M./g-C) 

0.1505E-3 0.4956E-2 
0.7216E-4 0.3472E-2 
0.1009E-4 0.2326E-2 
0.5487E-4 0.3717E-2 
0.2505E-4 0.2469E-2 
0.5712E-5 0.1593E-2 
0.2708E-6 0.5501E-3 
0.1222E-5 0.1011E-2 



Table B-3. Single Solute Isoti'a'm Data fer Flu:.rEne 

Initial Cooc. Carron Dase Equili tr i I.Ill Cone. Solid Phase 
Coocentration 

Co Ce <le 
(mgll) (mgll) (mgll) (mglrneC) 

1.353 0.52 1.013 0.650 

1.353 1.05 0.787 0.540 

1.353 3.16 0.133 0.270 

1.353 10.10 0.027 0. 131 

1.187 1.93 0.410 0.368 

1.187 5.26 0.072 0.212 

Test Characteristics: 

Adscr00nt type 

Adscrbent size 

TEI!li:;er a tire 

Activated carlx>n F-400 

P0n1der, 200x325 U.S. Sieve No . 

6.8, Buffered 

~ 

Equilitril.Ill reriod = 6 days 

CanjX>und M.W. = 166.21 
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Ce <le 
(WL) (Wg-C) 

O.Eb97E-5 0.3917E-2 

0.4733E-5 0.3247E-2 

0.0020E-6 0.1625E-2 

0.1606E-6 0.7904E-3 

0.2467E-5 0.2215E-2 

0.4332E-6 0.1275E-2 



Table B-4. Single Solute Isotl'Erm Data fer Pyrene 

Initial Cone. , Carton Dooe Equilitriun Cone. Solid Phase 
Coocentration 

Co Ce Cle 
(rngll) (mg.11) (mgll) (mgl~C) 

o.0693 0.105 0.0400 0. 2791 

o.0415 0.052 0.0253 0.3115 

0.0415 0.078 0.0213 0 . 25~ 

o.0415 0.160 0.0106 0.1931 

o.0415 0.320 0.0312 0.1260 

0.0415 0.420 0.0012 0.0960 

Test Characteristics: 

Adscrbent type Activated carton F-400 

Adscrbent size 

Teni:;erature 

Pcwder, 200x325 U.S. Sieve No. 

6 .8, Buffered 

22'{: 

Equilitriun i:;eriod = 6 days 

CanlX)und M.W. = 202.24 
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Ce Cle 
(WL) (Wg-C) 

0 . 1978E-6 0 .1340E-2 

0 .1251E-6 0.1540E-2 

0.1053E-6 0.1281E-2 

0.5240E-7 0.9'548E-3 

0.1540E-7 0.5934E-3 

0.5900E-8 0.4747E-3 



Table B-5. Single Solute Isothenn Data fer 
Bis (2-Ethylrexyl) !ilthalate 

Initial Cone. Carron Dooe Equilitri\.m Cone. Solid Phase 
Concentration 

Co Ce <le 
(rngll) (rngll) (rngll) (rngl~C) 

0.4733 2.72 0.2827 0.0701 

0.4733 7.52. 0.1467 0.0434 

0.4733 16.40 0.0423 0.0263 

0.4733 38.33 0.0133 0.0120 

0.0333 0.63 0.0213 0.0191 

0.0333 3.15 0.0066 0.0085 

Test CharactEristics: 

Ad.s<rrent type 

Ad.s<rrent size 

Activated carton F-400 

PGlder, 200x325 U.S. Sieve No. 

6.8, BuffEred 

Equilitritm i:a-iod = 6 days 

CanJ'.X)l.l'ld M.W. = 3S().56 
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Ce <le 
(WL) (Wg-C) 

0.7238E-6 0.1798E-3 

0.3756E-6 0.140E-3 

0.1083E-6 0.673QE-4 

0.3410E-7 0.3070E-4 

0.5450E-7 0.4880E-4 

0.16S()E-7 0.2170E-4 
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Competitive Adsorption Data 

- Ultrapure Water Background 

- Complex Mixture Background 



Table C-1. Data for Competitive Adsorption of Naphthalene and 
2,4-Dimethylphenol in Ultrapure Water Background 

Equilibrillll Concentration, Ce 
Carbon (mg/l) 

Dose Naphthalene 2,4-Dimethylphenol 

!AS* 
No. (mg/l) Experimental Prediction Experimental 

0.00 31.86 42.83 

2 140. 1 2.80 2.62 16 . 21 

3 105.3 3.22 4.48 21.88 

4 84.2 4.80 6.82 27.08 

5 73,5 8.50 8.43 31. 14 

6 52.7 10. 73 11.68 35.02 

7 42. 1 12.51 14.00 37. 67 

8 21.0 19.45 20.95 41 . 80 

9 10.5 25.13 26.08 40.82 

*!AS = Ideal Adsorption Solution Prediction 

Test Characteristi cs: 

Adsorbent type Activated carbon F-400 

Adsorbent size 

pH 

Power, 200x325 U.S. Sieve No. 

6.8, Buffered 

Temperature 22oe 

Equilibr i um period = 6 days 

!AS* 
Prediction 

15.84 

22.92 

26.81 

29.54 

33 , 91 

36.02 

39,95 

41. 61 
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Table C-2. Data f er Can~titive Ads<rptioo of 2,4-Direthyli:tienol, 
Naj:tlttalene and Flu:rene in Ultra Pure WatE!" Backgr0ll1d 
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F.quilitriun Coooentration, Ce (rns'l) 

Carron 2,4-Direthylj:tlenol Naphthalene 
Dcee 

IAS* IAS* 
No. (ng/l) Experirental Predictioo Experinaltal Prediction 

1 0.00 1. 7591 0.83J) 
2 15. 75 0.6832 0.7064 0.0789 0.0708 

3 10.53 0.9232 1 .03fll 0.1364 0.1493 

4 7.90 1.1243 1.2390 0.2834 0.2301 

5 5.30 1.5145 1. 44fll 0.3486 0.3641 

6 3.20 1.6324 1.fllOO 0.5782 0.5296 

7 2.10 1.7832 1.6600 0.5926 0.6364 

8 1.05 1.8320 1.7'220 0.6964 0.7418 

9 0.42 1.6984 1. 74fll 0.7848 0.7996 

10 0.21 1. 7530 0.8169 

*I.AS = Ideal Ads<rptioo Solutioo Predictioo 

Test Characteristics: 

Ads<rbent t~ Activated carton F-400 

Ads<rbent size Po..r<B', 200x325 U.S. Sieve No. 

Tanperatt.re 

6.8, Buffa"ed 

~ 

Equilitriun period = 6 days 

Flucrene 

IAS* 
Experirental Predictioo 

0.9640 
0.09173 0.0250 

0.0604 0.0519 

0.0574 0.0823 

0.1594 0.1444 

0.2493 0. 2582 

0.3287 0.3773 

0.5748 0.5008 

0.7942 0.7805 

0.8662 



Table c-3. Data fer Canpetitive Adscrption of Pyra'le, Flu:rene and 
Bis(2-Ethylrexyl) Phthalate in Ultra Pure Wata" Background 
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Equililriun Conrentration, Ce (µg/l) 

Carron Pyrere Flucrene Bis(2-ethylhexyl)j:t1thalate 
Dose 

IAS* IAS* IAS* 
No. ( µg/l) Experimental Prediction ExperinEntal Prediction Experimental Prediction 

0.000 95.8 153.0 179.9 

2 3200 ND 0.346 13.4 7.268 108.5 121.800 

3 2610 ND 0.516 15.3 9.874 141.2 136. 700 

4 1550 3.6 1.621 16.4 22.560 167.2 161.300 

5 1050 ND 3.868 38.2 40.4~ 16.2 169.300 

6 520 17.2 13.940 77.8 83.m 171.6 174.000 

7 420 17.4 18.960 88.8 96.250 182.2 174.600 

8 260 26.5 33.060 110.5 118.300 178.4 175.300 

*IAS = Iooal Awcrption Solution Prediction 

ND = Not Detected 

Test CharactEristics: 

Adscrbent type Activated carron F-400 

Pow<Er, 200x325 U.S. Sieve No. 

Tanperattre 

Equilitriun period = 6 days 



Table C-4 . Isotrerm Data of Dissolved Orgpnic Canp:>Unds 
(DOC) in Typical Seoondary Wastewate" 
Treatma1.t Facility Effl i.ent 

Equilitri un Solid Phase 
Carton Cone. Cone. 

Dase Ce Cle Ce Cle 
rng!L (rngll) (rnglms-G) (M./L) (M./g-c) 

0.00 16.51 

15.8 14.02 0 . 158 0 . 1168E-2 0. 1314E-1 

42.1 11.58 0.117 0 . 9649E-3 0 .9750E-2 

52 .5 11.30 0.099 0.9415E-3 0.8258E-2 

73.5 10.18 0 .086 0.8412E-3 0. 7175E-2 

106.0 8 .60 0.075 0.7164E-3 0.6276E-2 

146. 7 8.61 0.054 

182.0 8.64 0.043 

Test Characteristics: 

Adscrbent TJIE 

Ads<rbent Size 

TemperatLre 

Activated Carton F-400 

P0n1der, 200x325 U.S. Sieve No. 

6.9, Buffered 

2R 

Equilitrilll1 period = 6 days 

= Dissolved orgpnic carton 
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Table C--5. Data fer Canpetitive Adscrpticn of 2,4-Direthyli:i1erol. Nai:tithalEne and 
Flu:rEne in 10.1 rngtl CCC Backgr01.11d (Kirlg3too Treatment Facility Effluent) 

Fquililriun Concentration, Ce (rngtl) 

Carron 2, 4-Direthyli:henol Naphthalene 
Dooe 

I.AS* I.AS* 

200 

Fluorene 

I.AS* 
No. (aw1) Experirrmtal Prediction Experirrmtal Prediction Exper irrmtal Prediction 

O.CQ 1.6267 0.3028 

2 20.60 0.6132 0.3717 0.0634 

3 15.75 0.7238 0.5370 0.0932 

4 10.53 0.9950 0.8310 0.1348 

5 7.30 1.1750 1.0840 0.1523 

6 5.30 1.4583 1.2610 0.1834 

7 4.21 1.5456 1.3580 0.2974 

8 3.16 1.5753 1.4460 0.2538 

9 2.05 1.6013 1.5200 0.3175 

10 1.05 1.5863 1.5EJTO 0.2913 

*I.AS = Ideal Adscrptioo Solutioo Predictioo 

Test Characteristics: 

Adscrtent type 

Adscrtent size 

Tanperatt.re 

Activated cartnn F-4CO 

Po.icier, 2COx325 U.S. Sieve No. 

6.9, Buffered 

22't: 

Equilitriun period = 6 days 

Type of Wastewater = Secondary effluent with 10.1 rngll CCC 

1.0132 

0.0103 0.1623 0.0116 

0.0179 0.2582 0.0193 

0.0389 0.3813 0.0404 

0.0706 0.4953 0.0745 

0.1078 0.5288 0.1206 

0. 1376 0.7345 0.1653 

0.1745 0.9218 0.2353 

0.2211 0.0033 o. 3651 

0.2652 0.8625 0.5830 



Table C-6. Data fer Can~titive Adscrpticn of 2,4-Dimethyl Pheool, Najilttalme and 
Flu::rme in 19. 1 ineVc OCC Backgr0l.l1d (Kingston TreatmEnt Facilty Efflt.a'lt) 

F.quilitri\JIJ Concent ration, Ce (mev'l) 

carron 2,4-Dimethyljileo:>l Nap-i.thalene 
Dooe 

IAS* IAS* 
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Flucrene 

IAS* 
No. (!IWl) Experimental Prediction Experimental Prediction Experimental Prediction 

0.00 1.5933 0.4399 

2 20.BJ 0.8J37 0.3485 0.0927 

3 15. 75 0.7503 0.5025 0.0155 

4 10.53 1.1237 0.7833 0.2208 

5 1.30 1.2526 1.1030 0.2706 

6 5.30 1.4133 1.2050 0.3041 

7 4.21 1.4825 1.3010 0.4123 

8 3.16 1.4468 1.3920 0.4662 

9 2.05 1.5375 1.4790 0.4688 

10 1.05 1.8J14 1.5450 0.4303 

*IAS = Ideal Adscrption Solution Predicticn 

Test Characteristics: 

Adscrrent t~ Activated cartx>n F-400 

Adscrtent size P<Mder, 200x325 U.S. Sieve No. 

6.9, &lffe"ed 

~ 

Equilitriun ~riod = 6 days 

T~ of Wastewater = Seoondary effli.ent with 19.01 mev'l OCC 

0.6533 

0.0139 0.1936 0.0070 

0.0239 0.2867 0.0116 

0.0516 0.3713 0.0242 

0.0937 0.4482 0.0443 

0.1433 0.4014 0.0712 

0.1835 0.5110 o. W1 

0. 2347 0.4663 0.1376 

0.3028 0.5163 0.2138 

0. 3730 0.6288 0.3489 



Table c-7. Data fer Canpeti ti ve Adscrption of 2, 4-Dimethylriax>l, NaP'lthalene and 
Flurene in 27.3 mgll CO::: Bac1®"001d (Kingston Treatment Facility EffllHlt) 

Equilitriun Concentration, Ce (mgll) 

Cartx:>n 2,4-Dimethylitlen::>l Naphthalene 
Dase 

IAS* IAS* 

202 

Fluorene 

IAS* 
No. (llWl) Elcperimental Prediction Elcperilrental Prediction Elcperimental Predictioo 

0.00 1.8330 2.5375 

2 20.60 1.4798 0.7765 1.6253 

3 15.75 1.5251 1.0200 1.7483 

4 10.53 1.6125 1.3260 1.9625 

5 7.30 1.6813 1.5140 2.1253 

6 5.30 1.8124 1.6210 2.2613 

7 4.21 1.8205 1 . 67r:>J 2.3388 

8 3.16 1.8274 1.7220 2.4038 

9 2.05 1.8167 1. 7670 2.4513 

10 1.05 1.8443 1.8o30 2.4613 

*IAS = Iooal Adscrption Solutioo Predictioo 

Test Characteristics: 

Adscrtent type 

Adscrtent size 

Activated cartx:>n F-400 

PGIOO", 200x325 U.S. Sieve No. 

6.9, Buffered 

2~ 

Equilitriun period = 6 days 

Type of Wastewater= Secondary efflt.ent with 27.3 mgll CO::: 

0. 72001 

0.2532 0.1889 0.0204 

0.4251 0.3066 0.0337 

0. 7792 0.4122 0.0647 

1.1480 0.4849 0.1059 

1.4570 0.5937 0.1526 

1.6530 0.6568 0.1919 

1. 8610 0.7467 0.2465 

2. 0970 0.7234 0.3352 

2.3170 0.7198 0 . 4677 



Table C-8. Data fer Conp:ltitive Adscrptioo of 2, 4-Di.Jrethyljiienol , Na{i1th3.1E!1e and 
Flu:rE!le in Treated Refil'la"'y Wastewater Ba.ckgrol..l1d 

F.quilitriun Concentration, Ce (mg/l) 

carton 2,4-Dinethylphen::>l Naj:i1tha.l.ene 
Dooe 

IAS* I.AS* 

203 

Fluorene 

I.AS* 
No. (~l) Exper irrental Predictioo Experiloontal Predictioo Experi.Jrental Predictioo 

0.00 0.5065 1.1330 0.1800 

2 42.10 0.2934 0.0348 0.6414 0.0797 0.0441 0.0010 

3 31. 51 0.3146 0 .0521 0.7508 0.0129 0.0682 0.0008 

4 20.60 0.3738 0.0967 0.8504 0.0285 0.0982 0.0016 

5 10.53 0.4379 0.2374 0.9834 0.1172 0.1214 0.0061 

6 7.30 0.4863 0.3245 1.0888 0.2314 0.1354 0.0119 

7 5.30 0.5339 0.3831 1.1700 0.3647 0 . 1692 0.0197 

8 4. 21 0.5018 0.4139 1.1295 0 . 4688 0.1583 0.2690 

9 3. 16 0.5028 0.4418 1.3245 0.5956 0.1 813 0.0378 

10 1.05 0.5040 0.4888 1.2845 0.9342 0.1789 0.9137 

11 0.53 0.5136 0.4982 1.3438 1.0320 0. 1805 0.1236 

*I.AS = Ideal Adscrptioo Solutioo Predictioo 

Test Characteristics: 

Adscrtent tyi:e Activated caroon f-400 

Adscrtent size Po..rder, 200x325 U.S. Sieve No. 

6.9, &lffered 

Tani:erattre 221: 

F.quilitriun i:eriod = 6 days 

Tyi:e of Wastewate" = Seoondary efflW1t with 18.1 mg/l OOD 
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Table C-9 . IAS Predicticn of Canpetitive Adsorption in 10. 1 aiWl rxx: 
Concentration 8ackgr0U1d Using Canpetitive Isotrenn Paraneta"s 

Equilitriun Coocentration, Ce (lllWl) 

Carbon 2,4-Dilllethylphen:>l Naphthalene Fluorene 
Dose 

IAS* IAS* IAS* 
No. (llWl) Experimental Prediction Experimental Prediction Experimental Predictioo 

0.00 1.6767 0.3028 1 .0133 

2 20.60 0.6132 0. 7713 0.0634 0.1559 0.1623 0.3440 

3 15. 75 0.7238 0.9428 0 .0932 0.1828 0. 2582 0.4404 

4 10.53 0.9950 1.1440 0.1348 0.2145 0.3813 0.5700 

5 7.30 1.1750 1.2830 0.1523 0 . 2380 0. 4953 0.6740 

6 5.30 1.4563 1.3730 0.1 864 0.2538 0.5288 0.7507 

7 4.21 1.5456 1. 4240 0.2974 0.2630 0.7345 0.7964 

8 3.16 1.5753 1.4740 0.2538 0 .2723 0.9218 0.8440 

9 2.05 1.6013 1.5270 0.3175 0. 2825 0.8033 0.899J 

*IAS = Ideal Adscrptioo Sol ution Predictioo 

Test Characteristics: 

Adscr bent type Activated carbon F-400 

Ad.5a"bent size Powder, 200x325 U.S. Sieve No . 

6.9, Buffa"ed 

Tenperattre 

Equil il:riun period = 6 days 

Type of Wastewater = Serondary effluent with 10.1 aiWl rxx: 
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Table C-10. IAS Prediction of Canµ:?titive Ad.s<rption in 19.1 rngll r.x:x: 
Concentration BackgrQ.Jl1d Using Canµ:?ti ti ve Isothenn Paraneters 

F.quilitrillll Concentration, Ce (mg/l) 

carton 2,4-Dimethylj'.ilerPl Naphthalene 
Dooe 

IAS* 
No. (~l) Experimental Prediction Experimental 

0.00 1.5933 0.4399 

2 20.60 0.6038 0.8495 0.0927 

3 15.75 0.7502 0.9530 0.1545 

4 10.53 1.1238 1.0730 0. 2308 

5 7.30 1.2526 1.1570 0.2706 

6 5.30 1.4133 1.2130 0.3043 

7 4.21 1.4825 1.2450 0.4123 

8 3.1 0 1.5375 1.2770 0.4662 

9 2.05 1.6014 1.3120 0.4688 

*IAS = ICeal Ad.s<rption Solution Prediction 

Test Characteristics: 

Ad.s<rtent type Activated carton F-400 

Ad.s<rtent size Pc:wder, 200x325 U.S. Sieve No. 

Tanperati.re 

6.9, &lffered 

~ 

F.quilitrillll µ:?riod = 6 days 

Type of Wastewater = Secondary efflWlt with 19.1 rngll r.x:x: 

IAS* 
Prediction 

0.2256 

0.2693 

0.3194 

0.3537 

0.3767 

0.3889 

0. 4012 

0.4145 

Flucrene 

IAS* 
Experimental Prediction 

0.6533 

0.1936 0.4103 

0.2007 0.4678 

0.3713 0.5278 

0.4482 0.5661 

0.4013 0.5900 

0.5110 0.6030 

0.4663 0.6156 

0.5163 0.6289 



Table C-11 . IAS Prediction of Canpeti ti ve Adscrption in 27 . 3 mg/ 1 IXX 
Conoantratioo &lckgr0U1d Usi ng Canpetiti ve I sotherm Paraneta"s 
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Fqul.litrillll Concentration, Ce (mg/l) 

Carton 2,4-Di.methylj::tlen:>l Natilthalene 
Dcse 

IAS* 

No. (aw'l) Exper irental Prediction Exper irental 

0.00 1.8331 2.5375 

2 20.60 1.4398 1.6180 1. 6253 

3 15.75 1.5251 1.674 1.7483 

4 10.53 1.6125 1.728 1.9625 

5 7.30 1.6813 1. 7610 2.1257 

6 5.30 1.8124 1. 7810 2. 2613 

7 4.21 1.8274 1. 7910 2.3388 

8 3.16 1.8167 1.8020 2.4038 

9 2.05 1.8443 1.8130 2.4513 

*IAS = Ideal Ads<rption Solution Prediction 

Test Characteristics: 

Ads<rl:alt type Acti vatoo caroon F-400 

Ads<rtent size Powder, 200x325 U.S. Sieve No. 

Tanperattre 

6.9, BuffEred 

22't 

Equilitrillll period = 6 days 

Type of WastewatEr = Seoorxlary effluent with 27.3 mg/l IXX 

IAS* 

Prediction 

1.8920 

2.0330 

2. 1 ifjQ 

2.2860 

2.3520 

2.3880 

2. 4240 

2. 4630 

Fluorene 

IAS* 

Experirental Predictioo 

0.7200 

0. 1889 0.2455 

0.3066 0.3259 

0.4122 0.4293 

0.4849 0.5060 

0.5437 0.5583 

0.6569 0.5884 

0.7468 0.6180 

0.7235 0.6512 
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APPENDIX D 

Batch Rate Study Data 

- Ultrapure Water Background 

- Complex Mixture Background 
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Table D-2. Expe"ima1tal Data Analysis Mixed CanIPnent of Naitithala1e Batdl Rate Stu::ly 
(Ul trap.re Wata" Backgr0U1d 

Mixing Meas ired D ima1siooless Morel Calculated 
tlioo Cooc. Cone. D ima1siooless 

-
(min) c c tlioos 

-
(mg/L) t 

32 4.535 0.933 3.941x10-4 

60 4.389 0.903 6.192x1o-4 
90 4.287 0.882 8.321x10-4 

180 4. 176 0 .859 1. 129x10-3 
450 3.952 0.813 1.967x10-3 

1200 3.476 o. 715 5.169x10-3 
2400 3.344 0.688 6.450x10-3 
4000 2.922 0 .601 1.183x10-2 
6000 2.542 0.523 1.828x10-2 

*Refa"a1oe Hand W.D. et al. 
Activated carton particle radius = 0.0181 an 
Initial oonoentratioos: = 4.8611 mgll of Naitithala1e 

= 3.0149 mgll of 2,4-Dinl:?thyl!ilerx:>l 
= 0.7612 mgll of Flu::ra1e 

Calculated D5 (Avg. ) = 3.369x10-11 an2/sec 

1nt. = -1.14297 - 9.14255 c + 13.2808(c)
2
- 11 .982Cc)3 

D5 = t R2/t 

Calculated Surface 
Diffusion Coefficia1t 

Ds 

(an2/sec) 

6. 724x10-l 1 
5.635x10-1 1 
5.048x10-1l 
3.425x10-1 1 
2. 387x10- l 1 
2. 352x10-11 
1 • 468x10-11 
1.615x10-11 
1.664x10-11 



Table D-3. Experimental Data Analysis of Mixed Canp:>noot Flu:rooe B:l.tdl Rate Stu::ly 
(Ultraµ.re Water B:l.cl<grCU'ld) 

Mixing tire Meastred D imemiooless MoOOl C culated Calrul.ated Surface 

210 

t Cone. Cone. Dinalsiooless tire Diffusion Coefficioot 
-

(min.) c c t D5 
(an2/sec) (mg/l) 

30 0.938 0.9'53 
60 0.923 0.938 
90 0.907 0.922 

180 0.871 0.885 
440 0.844 0.858 

100J 0.769 0.782 
200J 0.694 0.705 
400J 0.607 0.617 
6000 0.534 0.543 
8000 0.483 0.491 

*Referooce Hand, W.D. et al. 
Activated Carton Particle size = 0.0181 an 
Initial Concentrations = 0.9834 mg/l of FlLProoe 

2.s20x10-4 
3.200x10-4 
4.081x10-4 
6.938x10-4 
9.89'5x10-4 
2.364x10-3 
4.828x10-3 
9.238xio-3 
1.435x10-2 
1.879x10-2 

= 3.2870 mgll of 2,4-Dimathylj'.i"leml 
= 3. 8307mgl 1 of Najilthalefe 

Calculated D5 (Avg.)= 1. 985xio-11 an21sec 

int= - 1.19429 - 9.1582 c + 12.896 (c)2 - 11.6116 (c)3 

D5 = t R2/t 

4.587xio-11 
2. 917xio-11 
2. 470xio-11 
2.11ox10-11 
1 . 230x10-11 
1 .291x10-11 
1 • 318x10-11 
1.261 xio-11 
1.3(17x10-11 
1 . 282x10-11 



Table D-4. Prediction of mixed Component Batch Rate Models for 
2,4-Dimethylphenol in an Ultrapure Water Background 

No. 

2 
3 
4 
5 
6 
7 
8 
9 

Reduced Concentration, C/C0 

Time Experimental Prediction 
HSDM* (min) 

32 0.935 0.973 
60 0.912 0.959 
90 0.88 0.949 

180 0.85 0.925 
260 0.827 0.909 
405 0.823 0.889 

1000 0.748 0.830 
2300 0.680 0.761 
5000 0.600 0. 671 

*HSDM = Homogenous Surface Diffusion Model 
*PSDM = Pore and Surface Diffusion Model 

Prediction 
PSDM* 

0.968 
0.947 
0.929 
o.891 
0.869 
0.837 
0.749 
0.659 
0.559 

Reactor Volume = 8800 ml, weight of carbon= 0.088 gm 
Carbon size = 40 x 50 mesh number, 
Initial concentrations: = 26.78 µM./L of 2,4-Dimethylphenol 

= 24.36 µM./L of Naphthalene 
= 4.76 µM./L of Fluorene 
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Table D-5. Mixed Component Batch Rate Models for Naphthalene in an 
Ultrapure Water Background 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Reduced Concentration , C/C0 

Time Exper imental Prediction 
HSDM* (min) 

32 0. 933 0 . 969 
60 0 . 103 0. 950 
90 0.882 0 . 945 

180 0 . 859 0.917 
450 0.813 0.867 

1200 0 .715 0.791 
2400 0.68 0.720 
4000 0. 601 0.658 
6000 0.523 0 . 605 

*HSDM = Homogenous Surface Diffusion Model 
*PSDM = Pore and Surface Diffusion Model 

Prediction 
PSDM* 

0.965 
0.943 
0.924 
0 . 881 
0.810 
0.701 
0. 611 
0 .542 
0 . 490 

Reactor Volume = 8800 ml, weight of carbon = 0 .0918 gm, 
Carbon size = 40 x 50 mesh number, 
Initi al concentrations: = 37 . 93 µM . /L of Naphthalene 

= 24 . 68 µM./L of 2,4-Dimethylphenol 
= 4.58 µM./L of Fluorene 
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Table D-6 . Prediction of Mixed Compound Batch Rate Models for 
Fluorene in ultrapure an Water Background 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Time 
(Min . ) 

30 
60 
90 

180 
440 

1000 
2000 
4000 
6000 
8000 

Reduced Concentration, C/Co 
Experimental Prediction 

HSDM* 

0. 953 0 . 992 
0 .938 0 . 984 
0 . 922 0 . 977 
0 . 885 0 .960 
0.858 0 . 919 
0.787 o . 859 
0 . 705 0 .790 
0 . 617 0 . 703 
0.543 0.644 
0.491 0 . 603 

*HSDM = Homogenous Surface Diffusion MOdel 
*PSDM = Pore and Surface Diffusion Model 

Prediction 
PSDM* 

0. 992 
0 . 985 
0 . 979 
0. 960 
0.917 
0. 851 
0. 764 
0. 682 
0. 621 
0.576 

Reactor volume= 8800 ml , weight of carbon= 0.015 gm 
Carbon size = 40x50 mesh number , 
Initial Concentrations : 5 . 92 µM. / L of Fluorene 

26 . 89 µM./L of 2,4-Dimethylphenol 
29.89 µM./L of Naphthalene 
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Table D-7. Mixbre CaIµrmt B:ltch Rate M:xE.Ls Pre:iicticn fer 2, 4 Di.aEtJ\YlP'Hol, 
~Ere an F11.D"6l3 in ai. Ultrap..re wats-~ 

!ei.oa:i Cmmtraticn, C/Co 

N:> Tine 2, 4-D.iJJEt:cy ]+b:rol Nc{.tltralere 
(min) &<p. l:ID1 FmM &<p. l:ID1 FmM EXP. 

1 J) o.~ O.CJ79 o.m 0.945 O.'JT6 o.ws o.m 
2 ~ 0.$8 0.%4 0.% o.ere 0/J57 0.955 0.$8 
3 10) 0.837 o.~ O.'l5 0.848 o.~ O.a:J3 0.733 
4 'BJ o.~4 o.~ O.a:J3 0.700 0.005 O.ffi3 0.600 
5 16fD 0.813 0.831 0.853 0.741 O.f!Jl O.aJ.) 0.585 
6 32BJ 0.813 o.m o.oo:i 0.715 0.745 0.743 0.16) 
7 1.(8) 0.004 0.781 o. '?a2 O.fiiS 0.724 0. 72'2 O.lQ) 
8 500) 0.700 0.746 0.747 0.636 0.685 0.600 0.:f)2 
9 TS!fJ 0.747 0.724 0.724 0.617 O.tXi1 0.859 0.318 

10 <J:!iJJ o.m 0.694 0.694 O.fil{ 0.629 0.628 0.3)1 

l:ID1 = liJJqJ3n.B Srfire Diffwicn M::x:el. 
FffiM = Pere an SrfaE Diffl.sicn M::x:el. 
Ra:d.cr Valuie = 800) ml, arb:n ~ = 0.0744 81J, 
Cairo Si.2e = l()J8) nml'l !1.llllr, 
Initial C.Owrtiati.cm: = 2'2.81 i,M./L cf 2,4-D.i.rrEtJ1YlP'Hol 

9. 52 i,M. IL cf Naj:htl'Bl.Ere 

= 1 • 76 i,M.IL cf F1t.a'Ere 
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Fl.!.a'€re 
l:ID1 FmM 

0.%7 0.%4 
0.<£1 O.W5 
0.775 0.724 
0.676 O.fg3 
O.'fil 0.4'17 
o.iei o:w 
o.~ 0.'511 
m.337 o.~4 
0.310 0.299 
o.zn 0.270 



Table D-8. Experimental Data Analysis of Single-Solute 2,4-Di.rethyli:ialOl Batch Rate Stu:iy 
(Ultrap..1re Water Background) 

Mixing tine MeaSt.red Dimansiooless MoOOl alculated 
t Cone. Ccnc. Dimansiooless tine 

-
(min.) c c t 

(znw'l) . 

30 2.429 0.928 5.380x10-4 
70 2.303 0.880 1 .097x10-3 

120 2.245 0.858 1.475x1o-3 
220 2.133 0.811 2.614x10-3 
400 2.002 0.765 4.259x10-3 

1000 1.727 0.660 1.033x10-3 
2400 1.479 0.565 1.860x10-2 
4600 1.290 0.493 2.646x10-2 
6400 1.107 0.423 3.557x10-2 

*Refera'lce Hand, W.D. et al. 
Activated Carton Particle Radius= 0.0181 an 
Initial Ccn03ntraticns = 2.618 znw'L of 2.4 Di.rethyli:;hernl 

Calculated D5 (Avg.) 5. 93ox10-11 cm21sec 

ln t = -i.02388 - 9.214COC + 14.2349(c )2- 12.0098 <c)3 

D5 = t R2/t 

Calculated Surface 
Diffusion Coefficia'lt 

Ds 
(cm2/sec) 

9. 791 x10-1 1 

8.556x10-11 
6. 710x10-11 
6.489x10-1 1 
5.814x10-11 
5.639x10-11 
4.231 x10-11 
3. 141 xrn-1 1 

3. 034x10-1 1 
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Table D-9. Experimental Data Analysis of Single-Solute 2,4-Dimethylp-ienol Ba.ten Rate 
Stu:iy in Canplex Mixture Background (20. 7 rngll Jn:) 

Mixing Meastred Dimensionless Mcxlel Calculated 
time Cone. Cone. Dimensionless 

- * (min) c c tirres 
-

(rng!L) t 

30 2.753 0.951 2.953x10-4 
70 2.643 0.913 5.347x10-4 

120 2.582 0.892 7.244x1o-4 
240 2.385 0.824 1. 734x10-3 
500 2.264 0.782 2.757x1o-3 

1500 1.835 0.634 9.565x1o-3 
2600 1. 725 0.590 1.219x10-2 
4000 1.543 0.533 1.737x10-2 
6000 1.456 0.503 2.019x10-2 
0000 1.392 0.481 2.243x10-2 

*Reference Hand W.D. et al. 
Activated carron p:irticle radius = 0.0181 an 
Initial oonoentration: = 2.8949 rngll of 2,4-DimethylP'lenol 

Calculated D3 (Avg) = 3.1579x10-11 crn2/sec 

lnt = 1.14297 - 9.14255C + 13.2803(C) - 11.982(C)3 

D3 = t R2/t 

Calculated Surface 
DiffU3ion Coefficient 

Ds 

(crn2/sec) 

5. 375x10-11 
4. 170x10-11 
3.296x10-11 
3. 949x10-11 
3.005x10-11 
3.482x10-11 
2.562x10-11 
2.371x10-11 
1 . 838x10-11 
1 • 531 x10-11 
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Table D-10. Single-Solute Batch Rate Models Prediction for 2,4-Dimethylphenol 
in Ultrapure Water Background 

No . 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Reduced Concentration, C/C0 

Time Experimental 
(min) 

30 0.928 
70 0.880 

120 0.858 
220 0. 811 
400 0.765 

1000 0.660 
2400 0.565 
4600 0.493 
6400 0.423 

Prediction 
HSDM* 

0.970 
0. 950 
0.930 
0.903 
0.869 
0.799 
0.708 
0.629 
0.580 

Prediction 
PSDM* 

0.967 
0.939 
0.912 
0.874 
0.829 
0.736 
0.629 
0.545 
0.506 

*HSDM = Hanogenous Surface Diffusion Model 
*PSDM = Pore and Homogenous Surface Diffusion Model 
Reactor Volume = 8800 ml, weight of carbon= 0.079 gm 
Initial Concentration= 21 .42 µM. /L 
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Table D-11. Single-Solute Batch Rate Models Prediction for 2, 4-Dimethylphenol 
in a Complex Mixture Background 

No . 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Reduced Concentration 

Time Experimental Prediction 
HSDM* (min) 

30 0 . 951 0.970 
70 0. 913 0. 957 

120 0.892 0. 943 
240 0.824 0.918 
500 0 . 782 0.883 

1500 0 . 634 0. 809 
2600 0. 596 o. 759 
4000 0. 533 0. 715 
6000 0. 503 0.674 
8000 o. 481 0. 637 

*HSDM = Homogenous Surface Diffusion Model 
*PSDM = Pore and Surface Diffusion Model 

Prediction 
PSDM* 

0.940 
0 .897 
0.866 
0 .812 
0. 741 
0.615 
0 .554 
0. 511 
0.482 
0.471 

React or Volume = 8800 ml, weight of carbon = 0.265 gm, 
Carbon size = 40 x 50 mesh nl..lllber, Carbon type = F-400 , 
Initial concentrations : = 23.68 µM./L of 2,4-Dimethylphenol 
DOC in background water = 20 . 68 mg/L 



APPENDIX E 

Minicolumn Study Data 

- Mixed Components in Ultrapure Water Background 

Single-Solute in Ultrapure Water Background 

Single-Solute in Complex Mixture Background 
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Table E-1. MDa:1 O::Iq:ma1t Minirolurn Stu:iy ct' 2,4-DirrethylJ'.hml (Ultrap.re wata' ~) 

Tine Eat Intlt.mt Exp. Rai.ra:l c:cm.' C'Cc, 
(min.) Valtm:B c:cm. Efflt.mt 

Ccrtada:1 (~.IL) c:cm. Exp. PrOOi.ctiai PrOOi.ct.iai PrOOi.ct.iai Pr00i.ct.i01 
(i,M./L) FttIM PPS:M IEflM IEflM 

0.0 0.0 16.75 
!() 1015 16.75 3.17 0.147 0.'5) OZ!T 0.31> 0.253 

100 038 4.18 O.d:>l o.ies 0.3Jj o.~ o.~ 
Z3) 5'383 6.8J 0.412 0.618 0.435 0.475 0.446 
JD 7614 16.~ 8.22 0.485 0.693 0.517 0.711 0.522 
liQ 11674 10.37 0.614 0.004 0.61e 0.911 0.643 
:£:.() 1le12 17.116 12.31 0.7(15 o.a.:o 0.691 0.932 0.691 
700 17165 13.ffi 0.794 O.IB5 0.737 0.9116 0:733 
850 218::6 17.79 14.91 0.838 0.919 o.~ 0.956 0.7831 

l(ll) 25379 15.67 0.001 0.935 0.812 O.S62 0.810 
1100 ~7 17.&5 16.13 0.914 0.942 0.844 0.956 0.848 
13!> 3J.DJ 0.956 0.853 0.%7 O.ffi5 
1400 37561 17.ffi 16.24 O.SOl 0.% 0.001 0.%8 o.m:i 
1600 ie636 17.00 0.952 o.m 0.9)1 o.m O.S04 
lffi:l 47712 17.ffi 17.CE 0.953 0.9)) 0.918 o.~ o.~ 
Z3)Q ~ o.m 0.932 o.~ 0.93) 
23!> '1.fJr9 17.ffi 17.82 1.00 0.999 0.944 o.m 
;axl 63447 17.ffi 17.82 1.00 0.999 0.944 o.m 
2SOO TJ5<13 18.01 1.CES o.m 1.CEl 
3ff1J 91363 17.93 1.CP2 o.m 1.016 
lfil) 108591 18.11 1.034 um 1.~ 

~ 12ffi:J4 17.~ 1.~ 1.013 1.CE9 

FtID1 = pl.Lg f1a.i l orrgn:w strfa:e diffi.sim m:xiil 
mID1 = pl.Lg f10oi p::re a'l1 lOIQJ!nB strfa:E d.i.ff\.5im m:xiil 
mfil1 = d.isp!"SOO f10oi lOIQJ!nB strfa:E d.i.ff\.5im m:xiil 
IH'3l1 = d.isµrsOO f1a.i p::re a"d lorcg:sns s.rfa:e d.i.ff\.5im m:xiil 
Op:ratim dH'a"Cta"isti.cs: F1.a.i = 29.5 ml/min., talp.= '5<t 

Avg. Iii = 7 .0, rolurn I.D. = 1.0 an, 
CJ>tm te:I \Cllum = 1 . 1624 an3, 
Catal wei.EJit = 0.:5 gn, airlm t;,:e = F-lffi 
Mesh size = !() x 5) U.S. sie-.e It>. 

D5 = 4.'6Xlo-ll mf/OO'J, kr = 1.578x10-3 cm/OO'J, Dp = o.484x10-5 arf/OO'J. De= 0.1500 arf/OO'J. 
XK = 788.5, )?.I = 0.ZJ5f 



~. 
Ea1 Irfil.Blt Effl.l.Blt Ra1cej O:n::Brtratim, C/Cn 

Tille Valt.ae Cm::. Cm::. Prati.cti<n Prati.cti<n Prati.cti<n Prati.rum 
(Min.) Ccnt.ccta:1 ( J,M.11..) (J,M.11..) ~. RHM PPSM mID1 IFPS:M 

0.0 . 0 11.41 

1() 

100 

2'a'.) 

JD 

~ 

sa:i 

700 
00) 

1,0CO 

1, 100 

1,32() 

1,48J 

1,600 

1,~ 

2,a::o 

2,32() 

2,:00 

·2,IOJ 

3,(:00 

4,a::o 

5,CXXl 

1,015 11.41 2.J:! 0.223 0.258 0.2116 o.a:e 

2,538 2.12 o.~1 o.iea 0.3:!1 0.(39 

5,583 4.49 0.341 0.547 0.412 O.Je4 

7,614 10.37 3.64 0.)13 0.565 O.lii2 O.:iiB 

11,674 4.16 0.474 0.616 0.535 0.670 

14,212 10.a:l 8.70 0.615 0.f/E O.'J!r 0.748 

17,7fl5 9.ar 0.641 0.756 0.635 0.795 

21.~ 11.33 8.53 o.~ 0.9J 0.675 O.Bll 

'5,379 10.crr 0.817 o.~ 0.717 o.asa 

29,947 12.J:! 9.91 0.8)) 0.852 o:m o.~ 

33,:00 O.ffi9 0.78J 0.9J1 

37,:61 11.12 9.'5 0.832 0.849 o.m o.~ 

Je,6~ 9.00 0.8)) O.ffi9 0.7% O.Sffi 

47,712 11.92 10.a:l 0.856 o.~ 0.&?8 0.9J8 

95,833 10.'5 o.oo:i 0.001 0.831 0.9J1 

58,arl 11. 18 8.94 0.001 o.~ O.Bll 0.002 

63,4J.f7 10.00 9.:J) 0.854 0.870 o.a:n 0.876 

73.5~ 12.1'2 0.958 o.~ 0.946 

91,~3 11.78 0.932 0.912 0.953 

1~,591 11.58 0.946 0.915 0.91e 

1~,4~ 10.97 0.913 0.003 0.913 

PlflM = Plt.g Flew 1-im:g:un.s Srfill! Di.ffi.Bi<n M:xBl 
PPSM = Plt.g Flew Pere a"rl 1-i:m:g:une Srfill! Di.ffi.sim M:xBl 
mID1 Di.sp:rsa:i Flew 1-brqJ!exe Srfa:l! Diffi.Bi<n M:xBl 
m:a:M = Di..sp:rse::1 Flew Pere a"rl it:JJqJS a.s Srfill! Diffi.sicn M:xBl 
Op:rat.i<n awa:.tEristia>: Flew = 29.5 ml/min., T01p. • St 

Ave. Pi = 7 .o, Coll.Ul'l I.D. • 1.0 an 
catm Ea1 Valt.ae • 1 • 1624 an3 

o:zzr 
0.31e 

O.Je4 

0.469 

0.539 

0.593 

0.634 

0.631 

0.719 

o.m 
0.78J 

0.7'4 

o.m 
0.&?8 

0.83) 

Ccrtx:n Wei81t - 0.$ BJ!, catm TYrS 
F--irn, t-el'l Si2a = 1() x :0 U.S. Sieo.e No. 

D5 • 3.~ x 10-ll Qrf/f!S:;., Kf • 7.583 x 10-3 OrY~, Dp • 0.48:£) x 10-5 Qrf/f!S:;. 
0
e ,,. 0.1~ ~/f!S:;., XK - 9J7.9, JN= o.33)9 
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Table E-3. Mi>Bi Caqxnnt Mini.col.um Stu1y cL Fl\.Cl"Ere (Ultrapre wata" ~) 

Tine S3c1 Intll.B'lt Exp. Ra1l:a1 O::ro. ' CICo 
(min.) ValUie O::ro. Enll..B1t 

cata:ta1 (lM-/L) O::ro. Exp. Pre:iicticn Pre:iicticn 
(lM-IL) RHM 

0.0 0.0 2.sr 
ll() 1015 2.73 0.51 0.100 0.25) 

l(l) 2538 o.~ 0.3:13 0.$ 
22) 5583 0.63 0.231 0.31e 
JD 7614 2.814 0.76 0.-;fB 0.375 
48) 11674 0.93 0.J:l) 0.419 
5(1) 1le14 3.01 1.CJT 0.3'78 0.41e 
7IXl 177f6 1.ie 0.471 O. l.181 
OCi) 21~ 3.13 1.41 0.1.8) 0.517 

lCOl '5379 1.41 0.161 0.531 
1100 CWT 3.01 1.49 o.ies 0.5'-0 
13!) 3~ 1.81 0.€:01 0.:£5 
1400 37561 3.12 1.95 0.625 o.r;er 
1600 426~ 1.ffi 0.595 0.€:07 
1~ 47712 3.10 2.11 0.681 0.623 
zm 55833 1.83 0.9.;e 0.639 
23D 5fB79 3.03 2.01 0.€£5 0.643 
~ 63447 3,27 2.22 0.69'.) 0.673 
Wl ffi13 3.00 0.672 0.69'.) 
'%J 91~3 3.(J.5 0.713 
!0X) 100591 3,15 0.748 
~ 1~ 3.23 0. 7ffi 

RHM 2 pli.g new I aa::g::s a.s s..rfa:Je diff\.5im m:xiil 
Ff'S:M 2 pli.g flew µ:re cm lua:::g::ta.s s..rfare di.fft.Bim llniil 
CflID1 = Dl.sµrsai flew IOIQJ!a.B s..rfare diff\.5im llniil 
CflID1 = disprsed new µ:re cn1 laa::g::sa.s s..rfa::e diffi.sim m:xiil 
Oj:a'atim chrc:d:a"istia:i: Flew= 29.5 ml/min, tal4'= SC, Avg. Pi= 7.0, 

Ff'S:M 

0.247 
o.2f8 
0.313 
O.n3 
0.3ffi 
O.l(JT 
0.439 
0.475 
0.491 
o.r:m 
0.526 
0.548 
O.':iJ7 
0.:,83 
O.fro 
0.€:05 
0.635 
O.(fjl 
0.678 
0.713 
0.752 

Gaim I.D. = 1.0 an, artm tat ..olure = 1.1624ari3, 
c.rtxn ~ = o.~ gn, artxn tj'I:e = F-lUl, 
MeB1 si:ze = 1,() x :D U.S. Sieo.e No. 

D5 = 1.<mxJCJ11 ~l:s::, Kf' = 6.:0S x 1CJ3 aw':s::, Dp = 0.!()48)(10-5 arfi:s::, 
De= 0.1646 ~l:s::, )cJ( .. 1721.4, »J = 0.414 

Pre:ti.cticn 
mHM 

0.241 
O.QT 
o.~ 
0.333 
0.394 
0.412 
O.J.01 
o.:os 
0.528 
o.~ 

0.578 
0.€:04 
0.628 
0.649 
0.€69 

·o.674 
o.~3 
0.73) 
0.739 
0.767 
0.793 

222 

Pre:iicticn 
mmt • 

o.~1 
0.2.B 
0.336 
0.31) 
O.l(JT 
o.ier 
O. ljl.l6 

0.485 
0.5'.)8 
0.518 
0.53) 
o.~1 

0.571 
o.~ 
0.610 



Tine 
(Min.) 

0.0 

a> 

~ 

300 
4fD 

400 

6a:> 

~ 

1,0:0 

1, 18:> 

1,1(1) 

1 ,f@ 

1,670 

1.~ 

2,cm 

2,im 

2,im 

2,58:> 

3,cm 

3, 100 

3,fDO 

3,6a:> 

4,cm 

~. 
ES:1 Infll.B'lt Effll.B'lt Ps:1J:B1 Cam rtl atiat. CICn 
Valuie Qro. Qro. Pl"a:lictim Pl"a:lictim Pl"a:lidial 
F~ ()JIYL) {µn'L) ~. FmM FP.IM ll'lHM 

0 22..85 

379 2.58 0.113 0.107 0.107 0.119 . 

4,9)) 4.91 0~215 o.)31 0.270 0.295 

7.~ 22..37 5.g) 0.2ffi o.~ 0.364 o.m 
8;723 22..53 0.5:;0 O.!O) 0.628 

9,1C2 21.~ 7.4'3 0.316 0.548 0.410 0.639 

11,757 0.441 0.581 O.lffi O.€Xl2 
. . 

17,446 a:>.33 0.624 0.519 0.855 

a:>, 101 21.78 0.694 0574 0.691 

21,m 16.12 0.71.() 0.70) O.fD3 0.719 

27,f:i!fJ 16.00 0.775 0.7EO 0.£68 0.7EO 

31.478 22.51 0.787 0.7(2 0.783 

31,£68 17.48 0.700 

37,547 22..61 0.816 0.741 0.8J8 

37/126 18.59 0.&?2 0.817 0.744 0.009 
• 

16,511 ~.34 O.ffiS o:m 0.855 

16,a:o 19.54 O.f!/7 O.ffi6 o.m O.ffi{ 

48,:US 19.72 0.816 O.ffi8 0.009 O.ffi1 

$,a:E 22..f:B O.ffi7 0.8?1 0.839 

58,?a; 19.72 O.ffi9 O.ffi6 0.823 0.858 

f:J3,267 21.95 0.855 0.824 0.848 

f:J3,646 18.88 O.ffiO 0.855 0.824 0.848 

75,852 O.ffi1 0.833 0.855 

FmM "' Pli..g Flew lbrgnn.B Srfare DiffLsirn M::xill 
PPS:M = Pli..g Flew Pere <n1 lbrgnn.B Srfare Diffi.sirn M::xill 
mBM "' Disp;rse1 Flew lbrgnn.B Srfare DiffLsim M::xill 
mHM = Di..sj::a"sOO Flew Pere <n1 lb!qJ!r.w Srfare Diff\.sim M::xill 
Oµ;ratirn O'Ercda"istics: Flew = 35 ml/min., TE!ll>. = 25<t 

Ave. Pi = 7.1, Colurn I.D. = 1.0 an 
Ccrtm ES:1 Valuie = 1 • P*.ir an3 
Ccrtm Weiftd: - 0.85 gn, Ccrtm Ty\:e 

. = F-4:0, Mash Sue = I.() x 9J U.S. Siei.e t-b. 

Pl"a:lictial 
I:fPS}1 

0.126 

0.$3 

o.w. 
0.414 

0.414 

O.lf.i8 

O.sa:> 

0.574 

0.€64 

0.£68 

0.7(2 

0.741 

0.743 

0.7% 

o.m 
O.f!JT 

o.Ba> 
0.&?2 

0.823 

0.823 

0.832 

08 - 5.92 x 10-11 or?.;~ •• Kt-· 7.578 x 10-3 CID'~. Dp = o.~ x 10~ oii21~. 

De = 0.1:£.6 Ole;~., XK = 700.5, )<N = O.ZJ)T 
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Tctle E-5. S!J'W.e-Saltte Mini.<Dlum Stu1y fa- 2,4-DinEteylihrol in CAnpl~ Mixtll'e ~ 
<a:>. 4 uw1 ax;) 

IrtllB'lt EmlB'lt ?.e:iD:n Cam"tratim, C/Cu 

Tine EB1 ax; 2-4 Dim. ax; 2-4 Dim. Exp. Pre1. Pre1. Pre1. Pra1. 
(min.) Val.u!l:s (!qfL) (!qfL) (!qfL) (!qfL) FtRM ff>SM lEHM IHSM 

c.ait:a:t.a1 

0.0 0.0 21.00 2.f:iJ7 12.68 
!() ?58 2.658 15.25 0.584 0.219 0.700 o.~ 0.179 0.31) 

100 1~ 21.25 1.123 o.iei 0.761 o.~ 0.549 0.169 
2'a) 4172 2.633 18.se 1.4ffi 0.564 O.tl24 0.623 o.~ 0.625 
3lD f)+lfl a:>.6 0.1}54 0.676 o.~ 0.678 
10) 1585 19.lD 2.(05 17.<:e 1.732 O.({f.) 0.853 0.701 0.ga) 0.701 
5Xl 'J!f{) 17.19 1.g}j 0.766 o.ca> 0.7115 0.9a:> 0:7115 
700 13273 a:l.3 2.€"01 19.3J 2.al1 0.817 0.815 0.785 o.sei O.'lffi 
73) 1:102 19.97 2.~ 18.78 2.(8) 0.819 0.873 0.775 0.911 o.m 
<)l) 171)::6 19.93 O.fB( 0.794 o.sre 0.794 

1® 'iil11) 2.593 a:>.ffi 2.695 0.8115 o.~ o.~ 0.9a:> o.~ 
1l0'.> 't!iJt5 a:>.31 19.39 o.m o.~ o.~ O.tl24 
152) ::.ffi21 21.00 2.441 21.11 1.8:0 0.000 0.857 O.tl21 0.874 O.a!> 
1SB> ))Im 19.34 2.448 19.lf7 1.a;3 0.8J) 0.873 0.834 0.875 0.833 
<SJ) 471()3 a:>.95 ·2.lf/O 18.78 2.~ 0.918 O.ea:! 0.$9 O.fB( o.a;a 

~Q'l chracta"i.stiCB: Floi .. 35 ml/min, TEDp • Q<t 
Col.um I.D ... 1.0 an, artx:n tB1 
Val.UIB • 1.~ an3,artx:n ~ .. 0.$ 811 
eaten typ! • F-LO:l, MB1 si:ze • !() x ~ 

ax; .. Dim::il. ...W a,;mc eaten 
FffiM ,. Phg Floi lbrqJI o..e Srfco:l Diffl.sim M:xE1. 
FffiM • Pli.g Fl.a.I 11:re cm lkm:g:m.B Srfco:l Dift\sim M:xE1. 
IHBM • Disp:rsed Floi lbrqJI o..e Srf'co:l Diffl.sicn M:xE1. 
r::w.:rM • Disp:rsed Fl.a.I 11:re cm Srf'co:l Di.ffi.Bicn M:xE1. 
D5 = 3. 15&1CJ11 crrf/3!?1J, kf • 7.5'7&1 a-3 ant 3!!1J, Dp .. 0. 48!l6X1 a-5 crrf/3!!/J 
De- 0.15ffi crrf/3!?1J, XK • 170.~, )IN ,. 0.3763 



APPENDIX F 

Pilot Plant Study at South Kingstown Wastewater Treatment 

Facility 

- Data for Column (I) 

- Data for Column (II) 
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T~ 

(min.) 

Table F-1. Pilot Plant Colunn (I) Data fer Single-Solute 2,4-D~thylj:harol 
in a Canplex Mixtire Background 

Bed Influent Effluent Reduced Concentration, C/CQ.... 
Volunes IX)C 2,4-Dim. IX)C 2,4-Dim. Pred. Pred. 

Contacted (!llY'l) (!llY'l) (rrg/l) (!llY'l) Exp. PPsrM DFPS£l1 

0.0 0.0 20.10 2.51 
390 115 19.18 1.21 10.62 ND ND ND ND 
815 230 19.97 1.18 ND ND ND ND 

1,580 460 2.61 ND ND ND ND 
1,925 546 2.23 ND ND ND ND 
2,310 661 25.88 2.23 13.34 ND ND ND ND 
2,680 776 31.0 2.72 16.20 ND ND ND ND 
3,310 948 23.04 12.07 ND ND ND ND 
3,965 1, 149 3.73 ND ND ND ND 
5,290 1,523 12.24 2.33 7.47 ND ND ND ND 
7,430 2, 126 3.42 ND ND ND ND 
8,075 2,327 2.03 ND ND 0.02 0.03 
8,480 2,442 30.27 3.40 13.30 0.11 0.03 0.04 0.05 
8,780 2,528 2.47 0.10 0.04 0.05 0.06 
9,570 2,758 27.52 3.17 0.09 0.10 

10,890 3. 132 25.34 2.50 17.43 0.18 0.07 0.15 0.16 
12,920 3,706 2.95 0.38 0.13 0.23 0.24 
15,540 4,453 21.50 1. 73 15.80 0.29 0.17 0.32 0.32 
19,600 5,631 15.80 2.63 10.90 0.93 0.35 0.37 0.37 
21 ,980 6,293 21.89 2.70 18.60 1.17 0.43 0.43 0.43 
25,200 7,240 17.85 2.53 15.10 0.93 0.37 0.51 0.51 
29,920 8,591 20.01 2.93 20.40 1.86 0.63 0.60 0.60 
32,590 9,367 23.18 3.86 21.78 3.23 0.83 0.69 0.69 
34,840 9,999 21.47 2.86 21.50 2.26 0.779 0.78 0.78 
38,020 10,918 15.30 2.57 14.80 2.21 0.86 0.78 0.78 
40,280 11,579 --- 2.63 2.34 0.89 0.78 0.78 
43,570 12,527 18.10 2.45 16.52 2.25 0.92 0.78 0.78 
47,330 13,590 19.25 2.70 18. 73 2.43 0.90 0.79 0.79 
58,200 16,693 0.88 0.88 
62,700 18,015 0.91 0.91 

Qreration Craracteristics: Colunn I.D. = 10.16 an, Carbon bed Vol. = 7171 cm3, 
Flo.v = 2015 ml/min., Carbon wt. = 2.794 kg 
Mesh Size = 12x30, wt. avg. particle radius = 0.0618Cm, 
Carbon type = F-400 

rxx:; Dissolved Organic Carbon 
ND Not Detected 

Not Analysed 
Ds 3.158x10-11 Cai2/sec., kf = 7.528x10-3 Cm/sec., Dp = 0.4846x10-5 cni2/sec. 
De 0.344 On2/sec., XK = 170.04, XN = 0.3763 
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Tiroo 
(min.) 

Table F-2. Pilot Plant Colunn (II) Data fer Single-Solute 2,4-Diroothyl j:i"lenol 
in Canplex Mixture B:ickgroLrld 

227 

Bed Influent Effluent Reduced Concentration, C/CQ_ 
Volunes ooc 2,4-Dirn. ooc 2,4-Dirn. Pred. Pred. 

Cootacted (lJlS/l) (lJlS/l) (lJlS/l) (lJlS/l) Exp . PPs:M DFPSCM 

0.0 0.0 20.1 2.51 
390 234 19.18 1.21 9.90 ND ND ND ND 
815 467 19.97 1.18 10.52 ND ND ND ND 

1,500 935 24.51 2.61 13.81 ND ND ND ND 
1,925 1' 110 2.23 0.06 0.02 ND ND 
2,310 1,344 25.88 2.23 15. 78 ND 0.02 0.02 
2,680 1,577 31.0 2.72 21. 1 0.03 ND 0. 05 0. 06 
3,31 0 1,928 23.04 15.01 0.1 3 0. 13 
3,965 2,337 3.73 13.45 0.27 0.07 0.26 0.27 
5,290 3,096 12.24 2.33 -8.60 0.19 0.08 0. 41 0. 42 
7,430 4,323 3.42 1.25 0. 37 0.55 0. 55 
8,075 4,732 2.03 1.07 0. 52 0.58 0. 58 
8,480 4,966 20.27 3.40 16.10 1.61 0.47 0.57 0.58 
8, 780 5, 141 2.47 --- 0.93 0.38 0.60 0. 60 
9,570 5,608 27.52 3.17 25.64 1.47 0. 46 0.62 0. 63 

10,890 6,368 25.34 2.50 22.56 1.40 0. 56 0. 67 0.67 
12,920 7,536 2.95 1. 73 0.59 0.70 0. 70 
15 ,540 9,054 21 .50 1. 73 19.50 1.47 0. 85 0. 64 0.65 
19,600 11 , 450 15.80 2.63 13. 10 2.01 0. 76 0.69 0.69 
21 ,980 12 ,852 21.89 2.70 21 . 78 2. 41 0.89 0.77 0.78 
25 ,200 14, 721 17.85 2.53 13.50 1.97 0. 78 0. 81 0.81 
29 ,920 17,467 20.01 2.93 17.06 2.53 0.86 0.90 0. 90 
32 ,590 19,045 23.18 3.86 20.53 3.24 0.85 1.08 1.08 
34 ,840 20,330 21 . 47 2.86 1.08 1.07 
38,020 22 , 199 15.30 2.57 2.29 0. 89 0. 97 0.97 
40,280 23 ,543 -- 2.63 0. 95 0.95 
43,570 25,470 18. 10 2. 45 17.9 2. 11 0.86 0.92 0.92 
47,330 27,632 19.25 2.70 0. 95 0. 95 

Oparaticn Characteristics: Colunn I.D . = 10.16 an, Carron bed Vol. = 7175 em3, 
Flow = 4097 ml/ min. , Carron wt . = 2. 794 kg 
Mesh Size = 12x30, wt. avg. particle radius = 0.0618Cm, 
Car'OOn t~ = F-400 

ooc Dissolved Org:mic Carron 
ND Not Detected 

Not Analysed 
Ds 
De 

3. 158x10-1l Cm2/sec ., kf = 7.578x10-3 Cm/sec ., Dp = 0. 4846x10-5 Crrl/sec . 
0.793 cm21sec., XK = 170.04, XN = 0.3763 
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