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Abstract

Removal of many organic pollutants including phenolic compounds from industrial wastewater can always be achieved by fixed-bed
adsorption onto the polymeric resin adsorbent, and the relevant breakthrough curves would provide much valuable information to help tc
design afixed-bed adsorption process in field application. In the present study, a model developed based on the constant-pattern wave appro:
theory and the Freundlich model was adopted to describe the breakthrough curves of phphotrapthenol adsorption onto a macroreticular
resin adsorbent NDA-100 from aqueous solution. Column experiments were performed at different conditions to verify the model and the
results proved that the model would describe the breakthrough curves well. Effect of the operation parameters on breakthrough curves we
also discussed to get helpful information in choosing the adsorption process.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of afixed-bed adsorption system. A macroreticular polymeric
resin adsorbent NDA-100 was selected as adsorbent for its
Fixed-bed adsorption process has been widely used toyige use in theoretical study and field applicafib®,14] and
remove many organic pollutants including phenolic com- phenol ang-nitrophenol were selected as adsorbates due to
pounds from industrial wastewater, and the relevant break- iheir frequent appearance in industrial wastewgtsr17]
through curves for a specific adsorption process are essentialrpe adsorption isotherms of both phenolic compounds onto
when determining the operating parameters such as feed flowresin NDA-100 were obtained to help to develop the model.

rate and aspect ratifi—6]. Although many models were  column experimental results obtained at different test condi-
developed to predict the breakthrough curve, most of them tjons proved the validity of the model well.

are sophisticated and need many parameters determined by

serial independent batch kinetic tests or estimated by suit-

able correlation’—12] Hence, amodel withouttedioustests 2. Model[18,19]

or mathematical calculations is needed to predict the break-

through curve. Here, we consider an agueous solution containing organic
In the present study, an effective method based on combin-pollutant fed to the top of a column packed with resin parti-

ing the constant-pattern wave approach theory and the Fre-<cles randomly. The governing equation for predicting column

undlich model was used to determine the breakthrough curvedynamics ig20]:
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Nomenclature

mass-transfer area per unit volume of the bé
(m2/m?3)

phenols concentration in the mobile phas
(mmol/L)

feed phenols concentration in the mobile pha
(mmol/L)

equilibrium phenols concentration in the

mobile phase (mmol/L)
resin particle diameter (m)
molecular diffusion coefficient of phenols in
water (nf/h)

Freundlich model parameter gAmol*~"/kg)
Langmuir model parameter §mol)

individual liquid-phase mass-transfer coeff
cient (m/h)

overall liquid-phase mass-transfer coefficie
(m/h)

thelvolumetric coefficients in the liquid-phas
(h=5)

bed height (cm)

aspect ratio

Freundlich model parameter

Langmuir model parameter (mmol/g)
phenols concentration in the stationary pha
(mmol/g dry resin)

phenols concentration in the stationary phas

equilibrium with C* (mmol/g dry resin)
phenols concentration in the stationary pha
equilibrium with Cg (mmol/g dry resin)
volumetric flow rate (mL/h)

the inside diameter of glass column (cm)
time (h)

solution temperature (K)

half time atx=1/2 (h)

interstitial fluid velocity (cm/h)

carrier fluid viscosity (kg/m h)

concentration wave velocity (cm/h)

the volume of solution (L)

the weight of dry resin (g)

the normalized effluent concentration,

X= C/CF

the distance from the inlet of mobile phase (n
void fraction of bed

resin bed density (g/L)
carrier fluid density (kg/rf)
adjusted time (h)

half adjusted time at=1/2 (h)

D

nt

1%

~

wheree¢ is the bed void fractiont is the contact timeug
is the interstitial flow ratez is the distance from the inlet
of the bed,p is the bed densityC andq are the adsorbate

concentration in the liquid and solid phases, respectively. Eq. %dﬁ =¢KLa [C —f (qFCH

(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]:

o2 = eKia(C ~ C*) @
whereK| is the overall liquid-phase mass-transfer coeffi-
cient,ais the contact area per unit volume of the b¢da can

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*=flg) or q*=g(C) 3)

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

r=1- = 4)
Uc
Substituting Eq(4) into Eq.(1) leads to:
up\ dC  pdg
which can be integrated as:
y dc 7 pd
uo p dq
1- — ) — EZ—0
/( uc> dT+/8d‘L’ or
0 0
(1—”0)c+pq=0 ©6)
Uc &

Because the boundary conditigrr g at C=Ck is satisfied
all the time, the following equation is also valid:

<1—MO) CF+§CIF=O

Uc

)

whereCk is the feed adsorbate concentration in the liquid-
phase andj is its associated equilibrium concentration in
solid-phase.

Combining Eqs(6) and (7)leads to:
q C
4= (8)
gr Cr

This is the keystone for deriving the breakthrough
curves of fixed-bed adsorption process. The adsorption rate
expressed in terms of the adjusted time is:

dg
—~ —¢K _C*
Py =8 La(C—C*) 9)
Combining Eqgs(3), (8) and (9)we obtain:
1
Cg dt Cr (10)



76

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

This can be rearranged and integrated with the following Afterwards, the flasks were shaken at 200 rpm and the desired

boundary conditiol€ =Cgp att =112,

C T

1
| e=arcienic=| eKLa"r dr
C — g(grC/CF) PqF

Cr2 T1/2

11

wherezy/; is the adjusted time when the effluent adsorbate

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:
\%

gr = (CFr = C") x —

- 14)

concentration reaches half of the feed concentration. Assum-whereV is the volume of solutionWV is the weight of dry

ing K__ais constant, Eq(11) becomes:

C
PqF 1
T=112+ / dc. (12)
/27 eKLaCr J C—slarc/Ch)
F/2

Since t—t12=(t— (ZUc)) — (tr2 — (Zuc)) =t —t2 from
Eq. (4), the breakthrough curves atL can be calculated
by the following equation:

C
PgF

13
eK aCk (13)

t=t12+

1
dcC.
/ C — g(grC/CF)

Crr2

3. Experimental
3.1. Materials

The macroreticular resin adsorbent NDA-100 was pro-
vided kindly by Langfang Electrical Resin Co. Ltd., Hebei

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 1.92cm,
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 listedTiable 2

4. Results and discussion

4.1. Adsorption isotherm

The isotherms of phenol anpknitrophenol onto resin
NDA-100 at natural pH (shown ifrig. 1) were described

Province, China. The resin particles were extracted with . ) .
ethanol for 8 hin a Soxlet apparatus and vacuum desiccated aPy Langmuir and Freundlich model, respectively.
325K to constant weight, followed by storage inasealedbot- ~ K1gmC
tle for later use. Physiochemical properties of the adsorbent? = 1+ K1C
are presented imable 1 1n
Phenol angy-nitrophenol used in this study are of analyti- 4 = KrC (16)

cal grade and were purchased from Shanghai reagent stationyhere Om is the monolayer sorption capacity amd is

Their concentrations in agueous solution were determined bythe Langmuir ConstanKF andn are Freundlich constants.
an UV spectrometer (H&03Unicam, British) at 270 and

(15)

318 nm, respectively.

2.5

3.2. Batch adsorption runs /
JAY //O
First, 0.250 g resin samples were added to several 250 mL / /O
sealed flasks, a 100-mL aqueous solution containing known ~ o
concentration of phenols was then added into each flask. 2 " / /
£ A O

Table 1 T 1.0 / —0— phenol
Physiochemical properties of resin NDA-1[XB] 5 —A— p-nitrophenol
Matrix structure Polystyrene 0.5 p /
Crosslink density (%) >40 O/
BET surface area (Aig) 7215
Macropore volume (cRig) 0.36 0.0 0 é '3 "‘ é é ;
Mesopore volume (cAtg) 0.028 c L
Micropore volume (cri/g) 0.42 (mmol/L)
Particle sized, (mm) 0.7-0.8 ) o ) )
Particle density (g/L) 3219 Fig. 1. Adsorption isotherms of phenol apdhitrophenol onto resin NDA-

100 at 298 K.
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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 34.9 349 34.9 349 349 174 34.9 52.3
Concentration of feed 5.32 5.32 5.32 0.53 2.13 5.32 5.32 5.32 5.32 5.32 5.32 5.32
solution (mmol/L)
Bed depth (cm) 5.71 5.71 5.71 5.71 571 2.86 5.71 341 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 fractione (%) 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 densityp (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
t12 ()
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
Kra(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 showraisle 3 It can

be seen that the Freundlich model gives more satisfactory
fit to the experimental results. Additionallg;nitrophenol

is more hydrophobic (the water solubility of phenol and 25
p-nitrophenol is 9.3 and 1.49/100 g8 at 298 K, respec-

tively) and loaded on the resin more easily than phenol. € 20
The result is consistent with the conclusion in literature that

high hydrophobicity was found favorable to the adsorption 15+
of organic compounds onto non-polar and moderate polar
polymeric adsorbents from aqueous solutif#tdy.

O phenol
A p-nitrophenol

4.2. Breakthrough dynamics 51
T T T T T T T T
We combine Eq(13)with (16) and obtain: oo 88 42 024
In2x-1/(n-1)[In(1-x"")-In(1-(1/2)"]
-1
PYF 1 1—x"
t=np+ ¢KL aCr n2x— n—1 In 1_ (2)17n 17) Fig. 2. Validity of the model based on the constant-pattern wave
approach theory and the Freundlich mod&€EQ98K, Up=34.9cm/h,

wherex is the normalized effluent concentration<C/Ck). Cr=5.32mmol/L,L =5.71cm|/R=3.88, 3g resin).

The applicability of Eq.(17) is justified by the liner plot
as shown inFig. 2 The value ofty;, and K| a determined
fromthe intercept and slope of the [Ic 2 (1/n — 1) In(1—
x"~1/1 — (2)1)] versust curve are listed iffable 2

The experimental and predicted breakthrough curves cal- ¢
culated by Eq(17)are shown irig. 3and other figures. The
results imply the above-described model can predict phenol
andp-nitrophenol adsorption from aqueous solution on resin
NDA-100 satisfactorily. Larger values df, andKa for 8
p-nitrophenol than phenol may be related to their different 0.4

o phneol

; : [ A p-nitrophenol
adsorption capacity and hydrophaobicity. predicted
0.24
Table 3
Parameters for Langmuir and Freundlich model
Adsorbate Freundlich Langmuir 0.0+ T T . T
0 30 35 40 45

T(K) Kg n R K1 Om R?
Phenol 298 (®20 2049 09957 0190 2213 Q9793

313 Q703 1908 Q9969 0336 1467 Q9767 Fig. 3. Breakthrough curves of phenol apghitrophenol adsorption onto

) resin NDA-100 T=298K,Up=34.9cm/hCrg=5.32mmol/L,.L=5.71cm,
p-Nitrophenol 298 1845 2752 Q9977 Q377 1014 Q9867 L/R=3.88, 3g resin).
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1.0 5 60
0.8- 50
0.6 1 . 404
£
Q" =
O 04 o U,=17.4cm/h 304
. A U =34.9cm/h
0
v U, =523 cm/h /
—— predicted 20+ o phenol
0.2+ A p-nitrophenol
10
0.0 it Y T T T
0 10 20 30 40 50 60 T T T T T
t (h) 0.02 0.03 0.04 0.05 0.06
-1 -1
U, (cm/h)
Fig. 4. Effect of feed flow rate on the breakthrough curve of phenol
adsorption onto resin NDA-100E 298 K, Ce =5.32 mmol/L,L =5.71 cm, Fig. 6. Effect of feed flow rate on the breakthrough half timg(T =298 K,
L/R=3.88, 3g resin). Cr=5.32mmol/L,L=5.71cm,L/R=3.88, 39 resinUp=17.4, 34.9 and
52.3cm/h, respectively).
4.3. Effect of feed flow rate and feed concentration 700
/’//A///
: . 600 _—
Figs. 4 and 5how the breakthrough curves at different —
feed flow rate. The influence of feed flow rate on the half 5004 //_,A/”‘
breakthrough timet{;;) andK a is shown inFigs. 6 and 7 — 7
o . = ] -
!nd|cat|ng a goqd Ilnea_r dependentg. decrez_ise_s aridLg o a0 o phenol
increases with increasing feed flow rate, which is consistent x | A p-nitrophenol
with conclusion thaK_a varied linearly with the feed flow 3004
rate[18]. ]
Fig. 8 shows the breakthrough curves at different feed 200 T
concentrations. Thi/, values decrease with increasi@g, ] S =
on the other hand& aincreases slightly with increasirigy. 1004—— o ' '
This means the breakthrough curve is steeper at highdt 15 20 25 30 35 40 45 50 55
is likely that the driving force of mass-transfer in the liquid- U, (cm/h)

film is enhanced whe@F increased. Su-Hsia Lin et al. also

found the similar tendency while studying column adsorption Fig. 7. Effect of feed flow rate on the volumetric liquid-phase coeffi-

cientsK a(T=298K,Ce=5.32mmol/LL=5.71cmL/R=3.88, 3g resin,

of acid dye onto pristine and acid-activated cl§35s]. The Uo=17.4, 34.9 and 52.3 cm/h, respectively).
1.0 -
1.0 NV OO0
v /S o°
v /AN o
0.8
0.8 M o
v FAN
[¢]
VN 06 .
06 o
o} 4 ° S 0 G.=0.532 mmol/L
o . A C=2.032 mmol/L
04- o o oTaraomh 047 v C-=5319 mmolh
o = o i
A 5 v Uz _52.3 cmh predicted
A b T predicted 0.2
AN
A
A
00 : : :
0 10 20 30 40 50 60 70 80 90 0 80 100 120
t(h)
Fig. 5. Effect of feed flow rate on the breakthrough curve-oiitrophenol Fig. 8. Effect of feed concentration on the breakthrough curve of phenol
adsorption onto resin NDA-100 € 298 K, Cg =5.32 mmol/L,L=5.71cm, adsorption onto resin NDA-100T& 298K, Ug=34.9cm/h,L=5.71cm,

L/R=3.88, 3g resin). L/R=3.88, 3g resin).
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distribution of solute adsorbed in the resin may be determined 10 habAA A
by intraparticle diffusion rate of the solute into the matrix,
which depends on the concentration gradient of solute and the
resin porosity. When th€g increases, the higher initial flux
resultsin the solute shooting deep into the interior m§i26,

and the adsorption sites within the micropore of resin could 0.6

0.8+

A T=298K
v T=313K

be occupied adequately, which leads to the higher adsorption o predicted
capacity at largeCr. © 04
4.4. Effect of bed height, temperature and aspect ratio
0.2

As shown inFig. 9 the ty» value is roughly propor-
tional to the bed height at a givadg. On the other hand, 00
increasing bed height has little effect on thea. This obser- "0 5 10 15 20 25 30 35 40 45
vation agrees with previous result for the sorption of phenols t (h)
onto surfactant-modified montmorillonite in column systems
[19]_ Fig. 10. Effect of temperature on the breakthrough curve of phenol adsorp-

tion onto resin NDA-100Wo =34.9 cm/h,Ck=5.32 mmol/L,L=5.71cm,

The effect of the temperature and aspect ratio on the L/R=3.88, 3q resin).

experimental and predicted breakthrough curves is shown
in Figs. 10 and 11respectively. The values ¢f;» andK a 1.0
decrease with increasing temperature because the adsorptior
of phenols onto resin NDA-100 can be considered as phys-
ical adsorption, and the adsorption capacity decreases with
increasing temperatuf@7]. Different aspect ratios at given
amount of resin adsorbent have little effect on the break- 064
through curves in the current studyig. 11), indicating that 8
atoo large value of aspect ratio is not essential when design- |
ing adsorption process in field application.
Many correlations were developed to express the Sher-

0.8

o 177
A 3.88
v 10.32

predicted
wood number as a function of the Reynolds number and 921
Schmidt number, among of which the following one always
gives a satisfactory prediction of the individual liquid-film 00 : :
mass-transfer coefficient in column adsorption experiment 0 30 40
[28]:
Fig. 11. Effectofaspectratio onthe breakthrough curve of phenol adsorption
Sh=(2+ 0.644Ré/ZSC1/3)[1 +15(1-e)] (18) ong{o resin NDA-lO(?Tz 298 K,Q=60mL/h,Cg =95.32 mmol?L, 39 resin).IO
10 e e where
j&h b Sh= doki Re= pLucedp Sc= M
08 N, D D oLD
N y Determiningk, from Eq.(18) and calculating the mass-
N transfer area per unit bed volumedy 6(1— ¢)/dp, we found
. 81 A/ that the volumetric mass-transfer coefficients based on the
8 A/ j Z tfg-gé cm liquid-film diffusion model are higher than those from the
0.4 / 7pr;di‘cted°m experimental breakthrough curves. For example, the calcu-
71 latedk_a is equal to 208.3 1 for column test run 3 while the
experimentaK ais 163.8 T, Itimplies that the solid-phase
021 mass-transfer resistance does exist and play a certain role in
A the breakthrough curve.
O.O—MWY‘C&:VVV%‘,*” - , . , , ,

5. Conclusions

Fig. 9. Effect of bed height on the breakthrough curve of phenol adsorp-
tion onto resin NDA-100 T= 298K, Uo=34.9 cm/h,Cg =5.32 mmollL, A model based on the constant-pattern wave approach

L/R=3.88, 3g resin). theory and the Freundlich model was used to predict the
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