
Journal of Hazardous Materials B124 (2005) 74–80

Application of an effective method in predicting breakthrough curves
of fixed-bed adsorption onto resin adsorbent

B.C. Pana,b,∗, F.W. Menga, X.Q. Chena, B.J. Pana, X.T. Li a, W.M. Zhanga, X. Zhanga,
J.L. Chena,b, Q.X. Zhanga,b, Y. Sunc

a School of the Environment, and State Key Laboratory of Pollution Control and Resources Reuse, Nanjing University, Nanjing 210093, PR China
b Research Center for Engineering Technology of Organic Pollutant Control and Resources Reuse in Jiangsu Province, Nanjing 210038, PR China

c School of the Environment, Nanjing University, PR China

Received 2 November 2004; received in revised form 25 February 2005; accepted 24 March 2005
Available online 21 June 2005

Abstract

Removal of many organic pollutants including phenolic compounds from industrial wastewater can always be achieved by fixed-bed
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dsorption onto the polymeric resin adsorbent, and the relevant breakthrough curves would provide much valuable information
esign a fixed-bed adsorption process in field application. In the present study, a model developed based on the constant-pattern w

heory and the Freundlich model was adopted to describe the breakthrough curves of phenol andp-nitrophenol adsorption onto a macroreticu
esin adsorbent NDA-100 from aqueous solution. Column experiments were performed at different conditions to verify the mod
esults proved that the model would describe the breakthrough curves well. Effect of the operation parameters on breakthrough
lso discussed to get helpful information in choosing the adsorption process.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Fixed-bed adsorption process has been widely used to
emove many organic pollutants including phenolic com-
ounds from industrial wastewater, and the relevant break-

hrough curves for a specific adsorption process are essential
hen determining the operating parameters such as feed flow

ate and aspect ratio[1–6]. Although many models were
eveloped to predict the breakthrough curve, most of them
re sophisticated and need many parameters determined by
erial independent batch kinetic tests or estimated by suit-
ble correlations[7–12]. Hence, a model without tedious tests
r mathematical calculations is needed to predict the break-

hrough curve.
In the present study, an effective method based on combin-

ng the constant-pattern wave approach theory and the Fre-
ndlich model was used to determine the breakthrough curve
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of a fixed-bed adsorption system. A macroreticular polym
resin adsorbent NDA-100 was selected as adsorbent f
wide use in theoretical study and field application[13,14], and
phenol andp-nitrophenol were selected as adsorbates d
their frequent appearance in industrial wastewater[15–17].
The adsorption isotherms of both phenolic compounds
resin NDA-100 were obtained to help to develop the mo
Column experimental results obtained at different test co
tions proved the validity of the model well.

2. Model [18,19]

Here, we consider an aqueous solution containing org
pollutant fed to the top of a column packed with resin p
cles randomly. The governing equation for predicting colu
dynamics is[20]:

ε
∂C

∂t
+ u0ε

∂C

∂z
+ ρ

∂q

∂t
= 0 (1)
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Nomenclature

a mass-transfer area per unit volume of the bed
(m2/m3)

C phenols concentration in the mobile phase
(mmol/L)

CF feed phenols concentration in the mobile phase
(mmol/L)

C* equilibrium phenols concentration in the
mobile phase (mmol/L)

dp resin particle diameter (m)
D molecular diffusion coefficient of phenols in

water (m2/h)
KF Freundlich model parameter (m3nmol1−n/kg)
K1 Langmuir model parameter (m3/mol)
kL individual liquid-phase mass-transfer coeffi-

cient (m/h)
KL overall liquid-phase mass-transfer coefficient

(m/h)
KLa the volumetric coefficients in the liquid-phase

(h−1)
L bed height (cm)
L/R aspect ratio
n Freundlich model parameter
qm Langmuir model parameter (mmol/g)
q phenols concentration in the stationary phase

(mmol/g dry resin)
q* phenols concentration in the stationary phase

equilibrium with C* (mmol/g dry resin)
qF phenols concentration in the stationary phase

equilibrium withCF (mmol/g dry resin)
Q volumetric flow rate (mL/h)
R the inside diameter of glass column (cm)
t time (h)
T solution temperature (K)
t1/2 half time atx= 1/2 (h)
u0 interstitial fluid velocity (cm/h)
µ carrier fluid viscosity (kg/m h)
uc concentration wave velocity (cm/h)
V the volume of solution (L)
W the weight of dry resin (g)
x the normalized effluent concentration,

x=C/CF
z the distance from the inlet of mobile phase (m)
ε void fraction of bed
ρ resin bed density (g/L)
ρL carrier fluid density (kg/m3)
τ adjusted time (h)
τ1/2 half adjusted time atx= 1/2 (h)

whereε is the bed void fraction,t is the contact time,u0
is the interstitial flow rate,z is the distance from the inlet
of the bed,ρ is the bed density,C andq are the adsorbate
concentration in the liquid and solid phases, respectively. Eq.
(1) is the unsteady-state mass balance for the adsorbate.

The adsorption rate can be described by the linear driving
force model in terms of the overall liquid-phase mass-transfer
coefficient[21]:

ρ
∂q

∂t
= εKLa(C − C∗) (2)

whereKL is the overall liquid-phase mass-transfer coeffi-
cient,a is the contact area per unit volume of the bed,KLacan
be called as the volumetric coefficients in the liquid-phase,
andC* is the liquid-phase concentration in equilibrium. The
adsorption isotherm related the liquid- and solid-phase con-
centrations at equilibrium:

C∗ = f (q) or q∗ = g(C) (3)

In the terms of the constant-pattern wave approach theory
[22], the waves move at a constant flow velocity,uc. Then
the liquid-phase concentration can be expressed as a unique
function of the adjusted timeτ, defined as:

τ = t − z

uc
(4)

Substituting Eq.(4) into Eq.(1) leads to:(
1 − u0

uc

)
dC

dτ
+ ρ

ε

dq

dτ
= 0 (5)
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hich can be integrated as:

C∫
0

(
1 − u0

uc

)
dC

dτ
+

q∫
0

ρ

ε

dq

dτ
= 0 or

(
1 − u0

uc

)
C + ρ

ε
q = 0 (6)

ecause the boundary conditionq=qF atC=CF is satisfied
ll the time, the following equation is also valid:

1 − u0

uc

)
CF + ρ

ε
qF = 0 (7)

hereCF is the feed adsorbate concentration in the liq
hase andqF is its associated equilibrium concentration
olid-phase.

Combining Eqs.(6) and (7)leads to:

q

qF
= C

CF
. (8)

This is the keystone for deriving the breakthrou
urves of fixed-bed adsorption process. The adsorption
xpressed in terms of the adjusted time is:

dq

dτ
= εKLa

(
C − C∗) (9)

ombining Eqs.(3), (8) and (9), we obtain:

ρqF

CF

dC

dτ
= εKLa

[
C − f

(
qF

C

CF

)]
(10)
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This can be rearranged and integrated with the following
boundary conditionC=CF/2 at τ = τ1/2,

C∫
CF/2

1

C − g(qFC/CF)
dC =

τ∫
τ1/2

εKLa
CF

ρqF
dτ (11)

whereτ1/2 is the adjusted time when the effluent adsorbate
concentration reaches half of the feed concentration. Assum-
ingKLa is constant, Eq.(11)becomes:

τ = τ1/2 + ρqF

εKLaCF

C∫
CF/2

1

C − g(qFC/CF)
dC. (12)

Since τ − τ1/2 = (t− (z/uc)) − (t1/2− (z/uc)) = t− t1/2 from
Eq. (4), the breakthrough curves atz=L can be calculated
by the following equation:

t = t1/2 + ρqF

εKLaCF

C∫
CF/2

1

C − g(qFC/CF)
dC. (13)

3. Experimental
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Afterwards, the flasks were shaken at 200 rpm and the desired
temperature in a G 25 model incubator shaker with thermostat
(New Brunswick Scientific Co., Inc.) for 24 h to attain equi-
librium. The amounts of phenolic compounds adsorbed by
resin particles were calculated by the mass balance relation:

qF = (CF − C∗) × V

W
(14)

whereV is the volume of solution,W is the weight of dry
resin.

3.3. Column adsorption experiments

Fixed-bed adsorption runs were carried out in glass
columns with inside diameter of 1.48, 1.06 and 1.92 cm,
respectively, and length of 20 cm. Every column was packed
with a water jacket to maintain a desired constant operation
temperature. The solution with known contents of phenol or
p-nitrophenol was fed to the top of the column at a desired
flow rate regulated by a constant-speed pump. The effluent
samples were collected at intervals and analyzed spectromet-
rically. The experimental conditions are listed inTable 2.

4. Results and discussion

4
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.1. Materials

The macroreticular resin adsorbent NDA-100 was
ided kindly by Langfang Electrical Resin Co. Ltd., He
rovince, China. The resin particles were extracted
thanol for 8 h in a Soxlet apparatus and vacuum desicca
25 K to constant weight, followed by storage in a sealed

le for later use. Physiochemical properties of the adso
re presented inTable 1.

Phenol andp-nitrophenol used in this study are of anal
al grade and were purchased from Shanghai reagent s
heir concentrations in aqueous solution were determine
n UV spectrometer (He�10S�Unicam, British) at 270 an
18 nm, respectively.

.2. Batch adsorption runs

First, 0.250 g resin samples were added to several 25
ealed flasks, a 100-mL aqueous solution containing kn
oncentration of phenols was then added into each

able 1
hysiochemical properties of resin NDA-100[23]

atrix structure Polystyren

rosslink density (%) >40
ET surface area (m2/g) 721.5
acropore volume (cm3/g) 0.36
esopore volume (cm3/g) 0.028
icropore volume (cm3/g) 0.42
article sizedp (mm) 0.7–0.8
article densityρ (g/L) 321.9
.

.1. Adsorption isotherm

The isotherms of phenol andp-nitrophenol onto resi
DA-100 at natural pH (shown inFig. 1) were describe
y Langmuir and Freundlich model, respectively.

= K1qmC

1 + K1C
(15)

= KFC1/n (16)

here qm is the monolayer sorption capacity andK1 is
he Langmuir constant,KF andn are Freundlich constan

ig. 1. Adsorption isotherms of phenol andp-nitrophenol onto resin NDA
00 at 298 K.



B.C. Pan et al. / Journal of Hazardous Materials B124 (2005) 74–80 77

Table 2
Experimental conditions for column tests

Experiment conditions Phenol p-Nitrophenol

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

Flow rate (cm/h) 17.4 34.9 52.3 34.9 34.9 34.9 34.9 34.9 34.9 17.4 34.9 52.3
Concentration of feed

solution (mmol/L)
5.32 5.32 5.32 0.53 2.13 5.32 5.32 5.32 5.32 5.32 5.32 5.32

Bed depth (cm) 5.71 5.71 5.71 5.71 5.71 2.86 5.71 3.41 11.02 5.71 5.71 5.71
temperature (K) 298 298 298 298 298 298 313 298 298 298 298 298
Aspect ratio 3.88 3.88 3.88 3.88 3.88 3.88 3.88 1.77 10.32 3.88 3.88 3.88
Bed void fractionε (%) 14.31 14.31 14.31 14.31 14.31 14.31 14.31 14.31 14.31 14.31 14.31 14.31
Bed densityρ (g/L) 321.9 321.9 321.9 321.9 321.9 321.9 321.9 321.9 321.9 321.9 321.9 321.9

t1/2 (h)
Experimental 37.21 18.24 12.11 70.12 33.05 9.15 16.65 18.5 18.1 57.71 27.22 18.19
Calculated 37.43 18.47 12.16 70.64 33.27 9.61 16.87 19.01 18.17 55.69 27.81 18.4

KLa (h−1) 138.7 175.1 232.6 108.5 129.9 163.8 138.1 152.1 137.7 407.4 522.6 630.8

Parameters were determined from non-linear regression of
experimental data and the results are shown inTable 3. It can
be seen that the Freundlich model gives more satisfactory
fit to the experimental results. Additionally,p-nitrophenol
is more hydrophobic (the water solubility of phenol and
p-nitrophenol is 9.3 and 1.4 g/100 g H2O at 298 K, respec-
tively) and loaded on the resin more easily than phenol.
The result is consistent with the conclusion in literature that
high hydrophobicity was found favorable to the adsorption
of organic compounds onto non-polar and moderate polar
polymeric adsorbents from aqueous solutions[24].

4.2. Breakthrough dynamics

We combine Eq.(13)with (16)and obtain:

t = t1/2 + ρqF

εKLaCF

[
ln 2x − 1

n − 1
ln

1 − xn−1

1 − (2)1−n

]
(17)

wherex is the normalized effluent concentration (x=C/CF).
The applicability of Eq.(17) is justified by the liner plot
as shown inFig. 2. The value oft1/2 andKLa determined
from the intercept and slope of the [ln 2x − (1/n − 1) ln(1−
xn−1/1 − (2)1−n)] versust curve are listed inTable 2.

The experimental and predicted breakthrough curves cal-
culated by Eq.(17)are shown inFig. 3and other figures. The
results imply the above-described model can predict phenol
a esin
N
p rent
a

T
P

A

P

p

Fig. 2. Validity of the model based on the constant-pattern wave
approach theory and the Freundlich model (T= 298 K, U0 = 34.9 cm/h,
CF = 5.32 mmol/L,L= 5.71 cm,L/R= 3.88, 3 g resin).

Fig. 3. Breakthrough curves of phenol andp-nitrophenol adsorption onto
resin NDA-100 (T= 298 K,U0 = 34.9 cm/h,CF = 5.32 mmol/L,L= 5.71 cm,
L/R= 3.88, 3 g resin).
ndp-nitrophenol adsorption from aqueous solution on r
DA-100 satisfactorily. Larger values oft1/2 andKLa for
-nitrophenol than phenol may be related to their diffe
dsorption capacity and hydrophobicity.

able 3
arameters for Langmuir and Freundlich model

dsorbate Freundlich Langmuir

T (K) KF n R2 K1 qm R2

henol 298 0.920 2.049 0.9957 0.190 2.213 0.9793
313 0.703 1.908 0.9969 0.336 1.467 0.9767

-Nitrophenol 298 1.845 2.752 0.9977 0.377 1.014 0.9867
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Fig. 4. Effect of feed flow rate on the breakthrough curve of phenol
adsorption onto resin NDA-100 (T= 298 K,CF = 5.32 mmol/L,L= 5.71 cm,
L/R= 3.88, 3 g resin).

4.3. Effect of feed flow rate and feed concentration

Figs. 4 and 5show the breakthrough curves at different
feed flow rate. The influence of feed flow rate on the half
breakthrough time (t1/2) andKLa is shown inFigs. 6 and 7,
indicating a good linear dependence.t1/2 decreases andKLa
increases with increasing feed flow rate, which is consistent
with conclusion thatKLa varied linearly with the feed flow
rate[18].

Fig. 8 shows the breakthrough curves at different feed
concentrations. Thet1/2 values decrease with increasingCF,
on the other hand,KLa increases slightly with increasingCF.
This means the breakthrough curve is steeper at higherCF. It
is likely that the driving force of mass-transfer in the liquid-
film is enhanced whenCF increased. Su-Hsia Lin et al. also
found the similar tendency while studying column adsorption
of acid dye onto pristine and acid-activated clays[25]. The

F l
a ,
L

Fig. 6. Effect of feed flow rate on the breakthrough half timet1/2 (T= 298 K,
CF = 5.32 mmol/L,L= 5.71 cm,L/R= 3.88, 3 g resin,U0 = 17.4, 34.9 and
52.3 cm/h, respectively).

Fig. 7. Effect of feed flow rate on the volumetric liquid-phase coeffi-
cientsKLa (T= 298 K,CF = 5.32 mmol/L,L= 5.71 cm,L/R= 3.88, 3 g resin,
U0 = 17.4, 34.9 and 52.3 cm/h, respectively).

Fig. 8. Effect of feed concentration on the breakthrough curve of phenol
adsorption onto resin NDA-100 (T= 298 K, U0 = 34.9 cm/h,L= 5.71 cm,
L/R= 3.88, 3 g resin).
ig. 5. Effect of feed flow rate on the breakthrough curve ofp-nitropheno
dsorption onto resin NDA-100 (T= 298 K,CF = 5.32 mmol/L,L= 5.71 cm
/R= 3.88, 3 g resin).
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distribution of solute adsorbed in the resin may be determined
by intraparticle diffusion rate of the solute into the matrix,
which depends on the concentration gradient of solute and the
resin porosity. When theCF increases, the higher initial flux
results in the solute shooting deep into the interior matrix[26],
and the adsorption sites within the micropore of resin could
be occupied adequately, which leads to the higher adsorption
capacity at largerCF.

4.4. Effect of bed height, temperature and aspect ratio

As shown inFig. 9, the t1/2 value is roughly propor-
tional to the bed height at a givenU0. On the other hand,
increasing bed height has little effect on theKLa. This obser-
vation agrees with previous result for the sorption of phenols
onto surfactant-modified montmorillonite in column systems
[19].

The effect of the temperature and aspect ratio on the
experimental and predicted breakthrough curves is shown
in Figs. 10 and 11, respectively. The values oft1/2 andKLa
decrease with increasing temperature because the adsorption
of phenols onto resin NDA-100 can be considered as phys-
ical adsorption, and the adsorption capacity decreases with
increasing temperature[27]. Different aspect ratios at given
amount of resin adsorbent have little effect on the break-
t t
a sign-
i
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w and
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g lm
m ent
[

S

F sorp-
t
L

Fig. 10. Effect of temperature on the breakthrough curve of phenol adsorp-
tion onto resin NDA-100 (U0 = 34.9 cm/h,CF = 5.32 mmol/L,L= 5.71 cm,
L/R= 3.88, 3 g resin).

Fig. 11. Effect of aspect ratio on the breakthrough curve of phenol adsorption
onto resin NDA-100 (T= 298 K,Q= 60mL/h,CF = 5.32 mmol/L, 3 g resin).

where

Sh= dpkL

D
Re= ρLu0εdp

D
Sc= µ

ρLD

DeterminingkL from Eq.(18) and calculating the mass-
transfer area per unit bed volume bya= 6(1− ε)/dp, we found
that the volumetric mass-transfer coefficients based on the
liquid-film diffusion model are higher than those from the
experimental breakthrough curves. For example, the calcu-
latedkLa is equal to 208.3 h−1 for column test run 3 while the
experimentalKLa is 163.8 h−1. It implies that the solid-phase
mass-transfer resistance does exist and play a certain role in
the breakthrough curve.

5. Conclusions

A model based on the constant-pattern wave approach
theory and the Freundlich model was used to predict the
hrough curves in the current study (Fig. 11), indicating tha
too large value of aspect ratio is not essential when de

ng adsorption process in field application.
Many correlations were developed to express the S

ood number as a function of the Reynolds number
chmidt number, among of which the following one alw
ives a satisfactory prediction of the individual liquid-fi
ass-transfer coefficient in column adsorption experim

28]:

h= (2 + 0.644Re1/2Sc1/3)[1 + 1.5(1− ε)] (18)

ig. 9. Effect of bed height on the breakthrough curve of phenol ad
ion onto resin NDA-100 (T= 298 K, U0 = 34.9 cm/h,CF = 5.32 mmol/L,
/R= 3.88, 3 g resin).
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breakthrough curves of phenol andp-nitrophenol adsorption
onto resin NDA-100 at different test conditions. Batch col-
umn runs indicate it would predict the breakthrough curves
satisfactorily.

Two important parameters (t1/2 andKLa) in the above-
mentioned model can be directly read from the intercept and
slope of the [ln 2x − (1/n − 1) ln(1− xn−1/1 − (2)1−n)]
versust curve, and they are related directly to the operat-
ing parameters such as the feed flow rate, feed concentration,
temperature and bed height. It can be observed that the value
ofKLa increases andt1/2 decreases linearly with the feed flow
rate, andt1/2 is roughly proportional to the bed height while
KLawould keep identical.
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