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(14) ADSORPTION EQUILIBRIA OF MULTICOMPONENT
ORGANIC MIXTURES OF UNKNOWN COMPOSITION
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Abstract; Batch experiments on activated carbon adsorption of background organics of unknown composi-
tion were conducted. A few specific characteristics of the adsorption equilibria, such as the dependence of
the overall 1sotherms on the overall initial concentrations, were demonstrated. Accordingly, a new approach
was developed to mathematically describe the overall adsorption isotherms. This method consists of an
overall adsorption isotherm expression derived from the ideal adsorbed solution theory (IAST) and a tech-
nique of fractionating the background organics into a multicomponent mixture in terms of the adsorptive
strength described by the Freundlich parameters. Once the composition was determined by fitting the calcu-
lated overall isotherms to experimental data, the distribution of organics in both the liquid and the solid
phases was calculated, and its relationship with the characteristic behavior of the overall adsorption iso-

therms was discussed.

Key words; adsorption equilibria, composition, activated carbon, competitive adsorption, isotherms,

multicomponent mixtures

1. INTRODUCTION

Organics contained in waters and wastewaters are a
mixture of organics. Some of them can never be iden-
tified and quantified. The coexistence results in a
decrease of the removal of certain specific organics
that must be removed, because some other organics
compete with them for adsorption sites and block-
ade their way to the pores that are most effective
for them V), when activated carbon adsorption was
applied to treat such solutions. Therefore, to inves-
tigate the adsorbability of target organics singled out
from the organic mixtures, the behavior of the re-
maining organics, generally defined as the back-
ground organics, in adsorption has to be clarified.

In many researches, the background organics
were treated as a single component for equilibrium

and kinetic studies, where the concentration of the
background organics is measured on an overall basis,
such as total organics carbon (TOC) or ultraviolet
absorbance (UV absorbance). With such a method,
the competitive interactions between the constitut-
ing components are generally neglected, and the in-
fluence of the experimental conditions such as the
initial overall concentration is not considered.

Frick and Sontheimer ? developed a technique,
namely the sorption analysis, to evaluate the ad-
sorption equilibria for humic acid solutions and a
groundwater. Similar procedures were also used by
Crittenden, et al® to a contaminated groundwater.
In their researches, a theoretical component concept
was applied in IAST or SCAM (a simplified com-
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petitive adsorption model) calculations to account
for the competitive effects of the unknown mixture
on a tracer component.

Focusing on the behavior of background or-
ganics in batch adsorption, Yuasa® developed a few
dimensionless overall isotherm models to eliminate
the influence of the initial overall concentrations.
Besides, by conducting simulations for imaginary
raw waters containing organics of different composi-
tion, he concluded that >, no matter whether the
Freundlich exponent (1/n) for each. constituting
component was the same or not, there was a char-
acteristic value of 1/n that represented the behavior
of the total background organics.

In this study, a new approach was developed to
mathematically describe the overall adsorption iso-
therms of the background organics of unknown
composition. The description was based on an over-
all adsorption isotherm expression derived from
IAST-Freundlich equation, and a technique of frac-
tionating the background organics into a multicom-
ponent mixture in terms of the adsorptive strength
described by the Freundlich constant k¥ and the ex-
ponent 1/n. The effectiveness of this approach was
verified experimentally for two types of background
organics by the overall quality indexes of TOC and
E260 (UV-absorbance at 260nm). After the concen-
tration ratios and the Freundlich parameters for all
fractionated components are determined, which rep-
resent a pseudo-composition that shows an overall
adsorption behavior equivalent to that of the real
background organics, the changing tendency of the
distribution of organics in both the liquid and the
solid phases was then calculated to further investi-
gate the behavior of multicomponent mixtures in
batch adsorption.

2. MATERIALS AND METHODS
2.1 Working solutions

A biological process effluent of a collected night
soil treatment plant, and the effluent of the coagula-
tion, sedimentation and sand filtration treatment
following the biological process (simply referred as
the coagulation process effluent, hereafter) were
used as raw waters. The coagulation post-treatment
removed a great extent (about 70%) of the back-
ground organics remaining in the biological process
effluent. Each water was diluted with distilled water
to prepare the working solutions of three different

initial concentrations, and the electrical conductivity
and the value of pH were adjusted 7. All solutions
were filtrated through membrane filters of 0.2pm
before experiments. The characteristics of the raw
water and the working solutions are summarized in
Table 1.

Table | Characteristics of raw water and working solutions

Items TOC E260 pH [Conductivity
(mg/L) | (l/cm) (mS/my)
Biological Process Effluent

Raw water | 105.7 2.295 8.1 464.0

WS No.1 579 0.122 7.0 92.8

WS No.2 10.1 0.222 7.0 92.8

WS No.3 20.1 0.445 7.0 92.8
Coagulation Process Effluent

Raw water 31.1 0.642 6.0 562.0

WS No.4 5.97 0.114 7.0 399.0

WS No.5 10.99 0.229 7.0 399.0

WS No.6 20.84 0.454 7.0 399.0

[WS denotes the working solution diluted from each raw water]

2.2 Activated carbon

Pulverized particles with a diameter below
47um from the representative samples of granular
activated carbon (Filtrasorb 400, Calgon Corpora-
tion, USA) were used in experiments. They were
rinsed with distilled water to remove fines and dried
at 105°C before use.

2.3 Experimental procedures

Carbon samples ranging from 0.2 to 2000mg
were added to flasks that were then filled with the
working solution of 200mL to make the carbon
doses from 1 to 10,000mg/L. After reaching equilib-
rium through shaking for seven days at 20°C, the
carbon particles were removed by filtrating the wa-
ter samples through 0.45um membrane filters, and
the liquid phase concentration was determined in
terms of TOC and E260.

3. APPROACH

3.1 Basic equations

The following equations in IAST ® are used to
describe multicomponent interactions:
b_o (=1 2
C,=—C; (=12,"N) 4]
29,

J=1




N
q
2= =1 2)
iq;
ndIRT = [ %dc,." G)

where, C; and ¢, : liquid and solid phase concentra-
tions for component i; C” and ¢,°: single component
liquid and solid phase concentrations for component
i, 7w : spreading pressure; 4 : Surface area of adsorb-
ent per unit mass; R : universal gas constant; T : ab-
solute temperature; N : the total number of compo-
nents.

If the Freundlich isotherm equation (4) is used
to represent single component behavior, following
equations % can be obtained from equations (1)-(3).

- klce )V"‘ (4)
: RT\"
¢, -2 ("j’k ) )
2%
JtA/RT =niqz‘0 = Zl(”ﬂj) (6)

where, k; : Freundlich constant; »; : Freundlich ex-
ponent, for component i.

Combining equations (5) and (6) yields the fol-
lowing equation, which describes the behavior of
each component in batch adsorption of multicom-
ponent mixtures.

SR
: |

|
g | "
T

TAST was originally formulated on a basis of
molar concentration for C; and g, However, as the
determination of the molar concentration of the
natural background organics is impossible, the over-
all water quality indexes TOC and E260 were used in
this study.

3.2 Overall adsorption isotherm expression

Under equilibrium conditions in batch adsorp-
tion, the following mass balance equations exist for
each component and for the total components.

14

g =(Co - Ci)- ®)

Vv
=\Cqy -Cr}— 9
qr ( w —Cr ) i %)
Supposing the value of Freundlich exponent 1/x;
is the same for all components, the combination of
equations (7), (8) and (9) gives the following equa-

tion,
g \ ¢,
L/ Gt Gy =0
9r \k, "C 70
At any equilibrium point, as the following rela-
tion [equation (11)] exists, the equation (10) can be
modified to the form of equation (12).

(10)

(11

u Cio [Cro

i=1(qT/ki)n -(I/CTO) +1~ (CT/CTO)

where, V' : volume of solution; M : mass of activated
carbon; Cj, : initial liquid phase concentration of
component i; and,
Crp : initial total liquid phase concentration; Cr
total liquid phase concentration; g; : total solid
phase concentration, described as follows:

N

N N
Crp = ECm; Cp = ZC,; ar = 2‘11‘
i=i = i=1

The equation (12) describes the overall batch
adsorption isotherm represented by the relationship
between gy and C, . To solve this non-linear equa-
tion, the single component Freundlich parameters of
k; and n, and the initial concentration ratio of C;/Cry
have to be known.

=1 (12)

3.3 Definition of the composition of background
organics

The overall background organics were divided
into 21 (N=21) adsorbable components with spe-
cific single component behavior and one non-
adsorbable component. For all adsorbable compo-
nents, the 1/# was assumed to be identical based on
the findings of Yuasa ». The logarithmic normal dis-
tribution was supposed to represent the frequency
distribution of & as follows.

1 (logmk-u))/Z(jZ

j(logw k)“m (13)

where, 1 and o : the mean and the standard devia-
tion of log;, k, respectively.
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u =log N (14)
N
2
2(10810 ki - n)
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= 15
o I (15)
The average value of £; is described as follows.
K,y = 10" (16)

The values of ; for the adsorbable components
can be described as follows.

log;p k; =u+(i—11)-A (17

(18)

VA
or k,-=10u+(l 1)

where: A is the increment of logok and is given as
follows.

A =[(u+30)~(n-30)|/¥ =60/21  (19)

Accordingly, the initial concentration ratio of
each component can be determined as follows.

CiO/CTO = f(1081o k; ) A

From above equations, it is obvious that once
the parameters u and oare given, the values of %
and C,/Cy, for each component can then be calcu-
lated using equations (18) and (20).

These two parameters, along with the Fre-
undlich exponent 1/n, were searched to give the best
fit of the calculated overall batch adsorption iso-
therms by using the equation (12) to the experimen-
tal data.

The choice of the distribution pattern of k val-
ues of the hypothetical or imaginary components
shown above is arbitrary and other various distribu-
tion patterns may exist to describe the experimental
overall batch adsorption isotherm. However, pre-
liminary tests showed that the assumption of the
normal distribution of k values resulted in a very
poor fit to the experimental overall batch adsorption
isotherm data. The choice of the logarithmic normal
distribution of k£ is based on the following aspects.
(1) A wide range distribution of k value is given. (2)
The mathematical expression is very simple. Only
two parameters (pand o) are needed. (3) The
simulation results can fit fairly well to the experi-

(20)

mental overall batch adsorption isotherm data as
shown later.

4. RESULTS AND DISCUSSION

4.1 Adsorption isotherm of E260

The overall adsorption isotherms of the back-
ground organics contained in working solutions of
both the biological process effluent and the coagula-
tion process effluent on the basis of E260 are shown
in Figs.1 and 2, respectively. The experimental data
are given by marks and the calculations that best fit
the experimental data are represented by solid lines.

100
Biological process effluent
— Experimental data
g 10 o E260=0.122
o E260=0222 &
<' 4 E260=0.445 P
2 1| —Besit
8
S 01 3
X -
& M
-
0.01 a . =
0.001 0.01 0.1 1

C; [E260(1/cm)]

Fig.1 The overall batch adsorption isotherms (E260)
of the biological process effluent

100

Coagulation process effluent
Experimental data

10 a E260=0.114
n E260=0.229
a E260=0.454
| Best fit

0.1

qr [(Vem)(g-AGL)]

0.01 s =
0.001 0.01 0.1 1

C; [E260(1/cm)]

Fig.2 The overall batch adsorption isotherms (E260)
of the coagulation process effluent

For the background organics examined, there are
a few characteristics. The first characteristic is the
great dependence of the overall isotherms on the ini-
tial overall concentrations. The position of the iso-
therms shifts regularly in a direction from the right
to the left as the initial concentration decreases. The
second characteristic is that the shape of the iso-
therms can not be simply described by the Fre-
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undlich expression. The isotherms can be repre-
sented by nearly three regions. The first region is
the one observed near the initial concentration, i.e.,
at the equilibrium points obtained with very low
carbon doses, where the adsorptive capacity in-
creases steeply. The second region is represented
by the flat part of the isotherm, which seems to be
able to be approximated as a linear line described by
the Freundlich expression for each working solution.
A steep descending part is the third region, which
indicates the existence of nonadsorbable fraction of
organics, which are determined to be 1.75 and 2.95%
of the total organics for the biological process efflu-
ent and the coagulation process effluent, respec-
tively, as will be shown later in Table 2.

These characteristics are representative of the
behavior of multicomponent mixtures in batch ad-
sorption, although some mixtures may not contain
the nonadsorbable fraction of organics. Therefore, it
is obvious that, to fully display the equilibrium be-
havior of background organics of multicomp onent
solutions in batch adsorption experiments, the car-
bon doses should cover a great range and the influ-
ence of the overall initial concentration has to be
considered.

Besides, as one of the most important objec-
tives of this study, the effectiveness of the devel-
oped approach to mathematically describe the over-
all adsorption equilibria of background organics of
unknown composition is confirmed, as can be seen
from these figures that, the calculated isotherms
agree fairly well with the corresponding experimen-
tal data. The major parameters determined and then
used for these calculations will be discussed later.

4.2 Adsorption isotherm of TOC

Figs. 3 and 4 show the overall adsorption iso-
therms of the background organics contained in
working solutions of both the biological process and
the coagulation process effluent on the basis of
TOC.

1000

[y
<
(=]

Biological process effluent
Experimenta] data
a TOC=5.7%mg/L
} w TOC=10.1mg/L
a TOC=20.1mg/L
——Best fit

qr (mg-TOC/g-AC)
=)

0.1 1 10 100
C; (mg/L-TOC)

Fig.3 The overall batch adsorption isotherm (TOC)
of the biological process effluent

1000

—
<
[=]

Coagulation process effluent
Experimental data

qr (mg-TOC/g-AC)
=

o s TOC=5.97mg/L
1t ® TOC=10.9%mg/L
4 TOC=20.84mg/L
- Best fit
0.1 1 .
0.1 1 10 100
Cr (mg/L-TOC)

Fig 4 The overall batch adsorption isotherms (TOC)
of the coagulation process effluent

Table 2 Parameters of the composition of the background organics

Biological process effluent | Non-adsorbable

Adsorbable components

fraction (%)

n g k, K I/n

E260 1.75

Coagulation process effluery Non-adsorbable

0.75 0.42 0.36-89.72 5.66 0.33
1.64 0.44 2.39-810.72| 43.98 0.35

Adsorbable components

fraction (%)

u a k K i In

E260 2.95
TOC 5.64

0.84 0.32 0.84-58.35 6.99 0.34
1.69 0.35 4.94-486.321 49.0 0.37

[note: K ; , K 5, : (1/em)/(g-AC/L) for E260 basis, or mg-TOC/g-AC for TOC basis]
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Similar characteristics to that of E260 are ob-
served, and good agreement of the calculated iso-
therms to the experimental data is achieved. This
further verifies the effectiveness of the approach
proposed.

With this approach, the adsorption equilibria of
the background organics of unknown composition at
any initial overall concentration can be predicted,
and a more reasonable and reliable theoretical analy-
sis of the behavior of background organics in fixed
bed adsorbers can be realized '®. This approach
should also be beneficial to the investigation or es-
timation of the behavior of certain target trace or-
ganic compounds of special interest singled out from
the total organics of unknown composition.

4.3 Composition parameters

The best searched parameters and some other
relative indexes for the background organics in both
the biological process effluent and the coagulation
process effluent are displayed in Table 2. The Fre-
undlich constant k; and the concentration ratio C,, /
Cyy of each component in the biological process ef-
fluent on the basis of E260 are summarized in Table
3 as an example.

The Freundlich constant & differs greatly with
the components for both the quality indexes of
TOC and E260, no matter which effluent is con-
cerned. The coagulation treatment removed a great
extent of the background organics over the wide
range of k; , and results in a narrower distribution of
k; and a slight increase of K, (the average of k) for
the adsorbable components.

4.4 Effect of Cyy on the distribution of organics in
liquid and solid phases at constant Cr/ Cp,

Based on the parameters shown in Table 3, the
liquid and the solid phase distribution of each com-
ponent (E260 basis) contained in the biological proc-
ess effluent at constant overall residual ratio of Cy /
Cry was calculated by using the equation (7).

Figs. 5 and 6 show the results plotted on the
concentration bases of C; and ¢; versus the Fre-
undlich constant &, of each component at an overall
residual ratio 0.9 (Cy/ Cry = 0.9). The results plot-
ted on the concentration ratio bases of C; / Cr and ¢,
{ gr versus the Freundlich constant &, of each com-
ponent at the overall residual ratios 0.9, 0.5 and 0.25
(Cr/ Cr=0.9, 0.5, 0.25) are shown in Fig7. Al-
though the absolute values of C; and ¢; for each

Table 3 Distribution of the adsorbable components
of the background organics

i ki |ColiCrm i ki [ColCn
1 0357 | 00010 T 12 | 7463 | 0.1094
2 0471 | 00042 | 13 9838 | 00968
3 0621 | 0.0084 v+ 14 | 12969 | 00789
4 0818 | 00154 1 15 | 1709 | 00593
5 1079 | 0.0262 ' 16 | 22537 | 00411
6 1422 | 00412 1 17 | 29709 | ¢0262
7 1875 | 00593 | 18 | 39165 | 00154
8 2471 | 00789 | 19 | 51629 | 00084
9 3258 | 0.0968 1 20 | 68060 | 00042
10 | 4299 | 01094 ! 21 | 89721 | o001y
11 5.661 0.1140 ! Total 1.0000
0.05 —— ;
Biological process effiuent s CyCrs=0.9
(E260 basis)
0.04 + ., E20-0.122 - X
? —a-E260=0.222 \
E 0031 x E260=0.445
2 b, \
2 0.02 | / a
g / \
0.01 } /‘ /”’A‘\ ”
Mol
NN
P3 4
0.00 __m?ff ST

0.1 1 10 100
ki
Fig. 5 Liquid phase distribution of components at C/C=0.9
2.0
Biological process effluent C/C =09
(E260basis) ™
= L6 b o Ex0-0122 X
3 / "
—a- E260=0222
éﬁg L2 b x-E260-0.445
g 08 [ /\ X
S / ,4 ¥
= 04} , K\(
/
0.0 x-x.x-m-n-x.x-x:x_&l.—__
0.1 1 10 100

k;
Fig. 6 Solid phase distribution of components at C/Cy,~=0.9

component change with the change of the initial
overall concentrations as shown in Figs. 5 and 6, the
distribution of organics in either the liquid or the
solid phase on the concentration ratio basis is iden-
tical when the overall residual ratio C, / Cy, is the
same, showing a tendency independent of the initial
overall concentrations as shown in Fig. 7. It can be
also observed that, with the decrease of the overall
residual ratio, i.e, the increase of the carbon dose,
the occupation ratios (C;/ Cr ) of the components
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Fig. 7 Distribution of components in both the liquid and the solid phases at constant values of C{/Cy,
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Fig. 8 The overall batch adsorption isotherm
at constant values of C/Crq
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Table 4 Freundlich parameters of the isotherms

shown in figure 8

Cr/Cr K7 1/n ¢
0.25 3.961 0.343
0.5 5.782 0.342
0.75 8.233 0.321
0.9 11.407 0.324
1.0 18.764 0.333
Average 0.333

[note: K ; : (1/cm)/(g-AC/L)for E260 basis)



with greater k, decrease and that of components
with smaller &; increase.

The result indicates that, batch adsorption of
multicomponent mixtures takes place in such a
manner that components with stronger adsorbability
are removed from solutions in preference to those
with weaker adsorbability. It is the preferential ad-
sorption of these components that attributes to the
steep increase of the adsorptive capacity at the
equilibrium concentration near the initial overall
concentration, as indicated in Figs. 1-4.

0.020
Biological process C=0.1
effluent (E260 basxs)
_ 0016 £ pago-g.122
e —e—F260=0.222
£ 0.012 |} —aE260=0445
\é \
o
=, 0.008
o)
0.004 t
0.000 '
0.1 1 10 100
K,
Fig. 9 Liquid phase distribution of components at C=0.1
1.0
Biological process effluent C=0.1
(E260 basis)
= 08t . mgre0an
S —e F260=0.222
< 06} —+E260=0445
N
5 04}
& 02|
0.0 £t
0.1 100

Fig. 10 Solid phase distribution of components at C+=0.1

The result also implies that, the composition of
background organics remaining in batch adsorption
is determined by the overall residual ratio rather
than by the initial overall concentration. In other
words, the overall adsorptive capacity is not only a
function of the overall liquid phase concentration,
but also a function of the composition. As can be
seen from Fig. 8, which shows the adsorption iso-
therms at constant overall residual ratios, as the lig-
uid phase composition at the same ratio does not
change with the change of the initial overall concen-
tration, the adsorption isotherms at different values

of C; / Cpy can all be described by the Freundlich
expression. It is also interesting to note that, the
values of 1/n for all these isotherms are the same, as
summarized in Table 4. This further verifies the
finding of Yuasa > that there is a characteristic value
of 1/n that exists in batch adsorption of multicom-
ponent mixtures.

4.5 Effect of Cry on the distribution of organics in
liquid and solid phases at constant Cy

Based on the parameters shown in Table 3, the lig-
uid and the solid phase distribution of each compo-
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Q
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Fig.11 Liquid phase distribution of components
at constant values of C
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nent (E260 basis) contained in the biological process
effluent at constant overall equilibrium concentra-
tion of C; was also calculated.

Figs. 9 and 10 show the results plotted on the
concentration bases of C; and ¢; versus the Fre-
undlich constant &, of each component at an overall
equilibrium concentration of 0.1 (Cy = 0.1). The re-
sults plotted on the concentration ratio bases of C; /
Crand g, / g versus the Freundlich constant &, of
each component at the overall equilibrium concen-
tration of 0.1, 0.05 and 0.025 (C= 0.1, 0.05, 0.025)
are shown in Figs.11 and 12 respectively.
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Fig.12 Solid phase distribution of components
at constant values of Cy

At the same value of Cy, both the liquid and the
solid phase concentrations of components with
greater k, are higher, for the working solution of
lower initial overall concentration, than that of
higher initial overall concentration as shown in
Figs.9 and 10. Besides, it is obvious that, at the
same value of Cy the distribution of organics on the
concentration ratio bases is different with the differ-
ence of the initial overall concentration. The working
solution with the lower initial overall concentration
has higher ratios for the components with stronger
adsorbability in both the liquid and the solid phases.
It is this kind of adsorption behavior that leads to
the shift of the overall adsorption isotherms in a di-
rection from the right to the left as the initial con-
centration decreases, with the activated carbon per-
forming better for the solution with the lower initial
overall concentration, as displayed in Figs.1-4.
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Fig.13 Changing tendency of the median values of
the adsorptive strength vs. carbon doses

Besides, with the decrease of Cy, i.e., the in-
crease of the carbon dose, the distribution narrows.
The components that possess weaker adsorbability
constitute the major portion of the total organics
remaining in the liquid phase. This could be reflected
in Fig. 13, which displays a gradual decrease of the
median value of & (the £ when the cumulative con-
centration ratio versus k; reaches 50% of the total
organics remaining at a certain dose), described as
K(509), with the increase of the carbon doses. This
is also a result of the preferential adsorption of the
components with the greater adsorptive strength.

5. CONCLUSIONS

1) The overall adsorption isotherms of the back-
ground organics of unknown composition are a
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set of non-unique isotherms, which are greatly af-
fected by the initial overall concentrations.

2) An approach to fractionate the background or-
ganics into a multicomponent mixture in terms of
the adsorptive strength, and therefore to mathe-
matically describe the adsorption equilibria using
an expression derived from IAST-Freundlich
equation is proposed. The effectiveness of this
approach was verified for two types of back-
ground organics on the overall quality indexes
TOC and E260.

3) With this approach, the adsorption equilibria of
background organics of unknown composition at
any initial overall concentration can be predicted.
This approach should also be beneficial to a more
reasonable and reliable theoretical analysis of the
behavior of background organics or certain target
organic compounds of special concern in fixed
bed adsorbers.

4) Batch adsorption of multicomponent mixtures
takes place in such a manner that the components
with stronger adsorbability are preferentially ad-
sorbed.

5) The adsorptive capacity is not only influenced
by the overall liquid phase concentration, but
also by the composition of organics remaining.
At the same overall equilibrium concentration ra-
tio, the composition distribution of organics in ei-
ther the liquid or the solid phase is identical,
which is independent of the initial overall concen-
tration.

6) A characteristic value of the Freundlich exponent
(1/n) of a multicomponent mixture can be ob-
tained by a series of batch adsorption isotherm
tests. Use of the same value of 1/n for all frac-
tionated components simplifies the analytical
procedure and facilitates to search other parame-
ters needed to describe the overall batch adsorp-
tion equilibria of the background organics of un-
known composition.
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