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Abstract

The purpose of this work was to evaluate the potentidPiolus sylvestrisawdust, in a continuous flow removal of lead (ll) ions from
synthetic and industrial aqueous effluents. The kinetic parameters obtained in a batch process were used to scale-up the process on a mini
column and to choose the breakthrough model. The column experimental data concerning the volumes treated were correlated using the bec
depth service time model. These experimental data closely fitted the bed depth service time model at 10% of the breakthrough curve.

The results from the bed depth service time model on the mini-column were then used to design a pilot plant adsorption unit. The performance
of the pilot plant column accurately agreed with that obtained from the mini-column. The experiments carried out in a dynamic reactor allowed
to bring out the influence of various parameters on the efficiency oPtisglvestrissawdust. In addition, the process was checked for the
treatment of industrial aqueous effluents on a pilot plant scale and the results were in accordance with those obtained from synthetic effluents.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction lutions. The factors affecting the metal binding qualities of
these biomaterials or their affinity for a metal dissolved in
The removal of toxic heavy metal contaminants from aqueous media include: (i) the chemical nature of the metal
agueous waste streams is currently one of the most importanions (e.g. size, valence, electron orbital structure, stability of
environmental issues being researched. Although this issuethe chemical forms in nature) and that of the biomass (e.g.
has been studied for many years, effective treatment optionscharge density and structure of the polymer chain, functional
are still limited. Chemical precipitation, ion exchange, re- groups), (ii) medium conditions (e.g., pH, temperature, ionic
verse osmosis and solvent extraction are the methods mosstrength, presence of competing organic or inorganic metal
commonly used for removing heavy metals ions from dilute chelators). Biosorptive processes are generally rapid and the-
agueous streanj$]. Studies carried out to look for new and oretically suitable for extracting metal ions from large vol-
innovative treatment technologies have focused attention onumes of watef4].
the metal binding qualities of various types of biomgs8]. Results obtained in previous studies carried out on a batch
It was shown that some microorganisms and biomass are ableeactor showed that the removal of lead and cadmium through
to adsorb toxic and heavy metals from dilute agqueous so-their binding ontdPinus sylvestrisawdust is possible. The
latter biomaterial contains various organic compounds such

* Corresponding author. Tel.: +33 1 40 27 23 93: fax: +33 1 40 27 20 69. @S lignin (with ponphenoIic QVOUPS): cellulose .(With numer-
E-mail addresscporte@cnam.fr (C. Porte). ous hydroxyl functions) and hemicelluloses (with carboxylic

0304-3894/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2005.03.032



136 V.C. Taty-Costodes et al. / Journal of Hazardous Materials B123 (2005) 135-144

and hydroxyl groups). These functional groups may be useful ~ According to relation(1), the determining factors of the
for binding ions of heavy meta[§]. Although various types  balance for a given bed depth of the column are the linear
of reactors, e.g. batch, continuously stirred tank reactors andflow rate ¢ = (Sz—;’, where%; is the column section, f), the
fluidized-bed columns can be used, adsorption on packed-initial solute concentration, the adsorption potential and the
bed columns presents numerous advantages. It is simple tqorous volume even if previous studies showed that the lat-
operate, gives high yields and can be easily scaled up from ater parameter may be neglected. Therefore, in order to op-
laboratory process. timize the adsorption process in a packed-bed column, it is
The purpose of this study was to investigate the influ- necessary to examine these parameters and to estimate their
ences of bed depth, linear flow rate and concentrations ofinfluence. Several types of reactors were used for the ad-
feed metal ions on the performance of lead (Il) adsorption sorption processes in a continuous system: adsorption within
ontoP. sylvestrissawdust immobilized in a packed-bed col- a fixed-bed column and adsorption with a fluidized-bed col-
umn. This work was firstly carried out on a mini-column and umn. Itis necessary to note that the fixed-bed regime presents
the results were then checked on a pilot scale unit. numerous advantages in a pilot plant notably its precision
and bed performance, whereas in the industrial scale-up the
fluidized bed is more advantageous particularly as it seals
2. Methods and materials out the biomass and also reduces the risks of saturation in
the columns.
2.1. Methods
2.1.1. Design of the adsorption column based on bed
In this work, studies were starting from the mass bal- depth service time
ance of the packed-bed reactor. The variation of this bal-  Adsorption within a packed-bed column is a process in
ance during the reaction can be illustratedRiy. 1, where which a continuous mass transfer occurs between two phases
u is the linear flow rate, which is the average rate of the (the mobile phase containing the solute and the solid phase of
liguid flow when the column is empty. The equation of the packed bed). The solute concentration in both phases is a
mass balance material is: input flow = output flow + flow in- function of the contact time and the depth of the adsorption
side pores volume + matter adsorbed onto sawdust. For thiszone. A mathematical model based on mass balance is often
system, the balance can be expressed according to the folused to explain the adsorption phenomena and to find out the

lowing equation characteristic variables of the process. Several models can
4 dg be used. This work aims to study the effect of various ex-

OvCo= QvC+ Vp— + m— (1) perimental conditions on the bed depth service time (BDST)
dr dr model and then to compare the obtained results with those of

whereQy is the volumetric flow of the solution in the column  previous studief5].

(Imin—1), Qo andC, respectively, the inlet and outlet solute The BDST model describes a relation between the service
concentrations (mgh), Q,Co the inlet flow of solute inthe  time of the column and the packed-bed column. The origi-
column (mg mirrt), Q,Cthe outlet flow of solute leavingthe  nal work on the BDST model was carried out by Bohart and
column (mg mir?), V, the porous volume ()Y, = rlg Va Adamsg[7] on the adsorption, in dynamic system, of the chlo-
whereV, is the bulk volume andthe porosity),Vp‘fj—f the flow rine onto activated charcoal and those of Thoifg®n the

rate through the bed depth column (mg rrﬁmandm‘é—’f the adsorption of the ions by zeolites.

t of solute adsorbed ont dust (mgThinvh Working on the model, the authors supposed that intra-
amount of solute adsorbed onto sawdust (mgTjwhere particular diffusion and external mass resistance are negligi-

mis the mass of sawdust a#fl the adsorption rate. ble and the adsorption kinetics is controlled by the surface
chemical reaction between the solute in the solution and the
Q,C adsorbent not yet usé¢dl]. The authors demonstrated that the

l i DAL T system agrees with E) [9,10}

C
In |:C_(; _ 1] —In (e(kadsNo/u)Z — 1) — kag<Cotp 2

In this relation &aisNo/u)z s, 1 thus In(&aesNo/u)z _ 1) =
kaao 7 that is the reason why Hutchifis1] proposed the

- Vv . . .
7 ’ following linear relation between the column bed deph (
I‘ and the service timdy):
u
No 1 Co
th=—7— In(——l) 3
Cou kad<Co \ Cp ®)

Q,C,
! wherety is the service time at breakthrough point (min),
Fig. 1. Schema of bed dept#. No the dynamic bed capacity (mgl), Z the packed-bed



V.C. Taty-Costodes et al. / Journal of Hazardous Materials B123 (2005) 135-144 137

column depth (m)u the linear flow rate (mmint) de- whereCy is the inlet solute concentration (mgt) andCgthe
fined as the ratio of the volumetric flow rag& (m3min—1) new inletvalue (mgtt). When the linear flow rate is changed
to the cross-sectional area of the b&d(m?), Co and Cy fromuto U, the new value of the slopex() is obtained by Eq.

are, respectively, the inlet and the breakthrough metal ions(8) [11]. However the intercept remains unchanged because
concentration (mgi') andkagsthe adsorption rate constant it depends on the inlet solute concentrat@n

(Img~tmin~1). Eq.(3), known under the name of bed depth

service time (BDST) can be determined for a given adsorbentm’. = m, (%) (8)
depth and is a straight line: u

th=m,Z — Cy (4) 2.1.2. Mass transfer zone

The mass transfer zone (MTZ) is the active surface of the
wheremy, (minm~1) is the slope of the BDST line and rep- sawdust bed in which adsorption occuFsg( 2). The fluid
resents the time required for the adsorption zone to travel aflowing into the column gets through a virgin bed. The top
unit length through the adsorbed0]. It is used to predict  of the adsorbent in contact with the fluid quickly adsorbs the
the performance of the be@y is the abscissa interceptinthe pollutant during the first contact. Thus the fluid leaving the
BDST plot. column is practically free of metallic ions (points P1, P2 and

The dynamic bed capacityNg) and the adsorption rate  P3inFig. 2). As the volume of polluted fluid getting through

constant K,q9 can be evaluated from the slope and inter- the bed column increases, an adsorption zone of mass trans-
cept of the plot ofty versusZ. The bed depthZp), which fer (MTZ) gets defined. In this MTZ, adsorption is complete
represents the theoretical depth of adsorbent able to prevenand the concentration of pollutant in the bed column varies
the adsorbent concentration from exceedigis obtained from 100% ofCy (corresponding to total saturation) to ap-

whent, =0, according to the following equation: proximately 0% ofCq (corresponding to the virgin adsor-
bent). This adsorption zone then moves downwards through
Zo = u n (@ _ 1) (5) the bed column in relation to time until the breakthrough
kadsNo Ch occurs. When this zone reaches the bottom of the bed the

pollutant dissolved in the solution cannot yet be adsorbed
any longer. This moment is called “breakpoint”. The plot ob-
tained after this point gives the concentration history and is

By varying the column bed dept&), the plot of Eq.(3)
allows to calculate the value dfy and thus to estimate the
value ofZy. If there is a change in the initial solute concen- called breakthrough profile or breakthrough curve

: / / ! :
tration Co to0 & new vaIueQO, the new values o, and'Cx From a practical point of view, this point allows to de-
canbe, respectively, obtained from the slope and the interceptgyine the solute concentration in the effluent and the vol-
according to the relations proposed by HutcHi: ume treated\(p). For most adsorbent—pollutant systems, the

Co breakthrough curve is obtained after an effluent concentra-
=1y ( > (6) tion of 50% has been reached. To facilitate the calculations
of the bed adsorption capacity, the breakthrough curve is of-
c ten fixed at 50% (P4ig. 2), sometimes at 10% (P8ijg. 2
Ln(=2 —1 . . . .
C - Co <c ) - of the inlet concentration according to the target quality of
x X C_(’) Ln <@ B 1) ) the final effluenf12]. When the mass transfer zone leaves
Cb the bed column (P5ig. 2), the bed is completely saturated,

(PI) (P2) (P3) (P4) (P5)

Saturation point

0.1

Treated volume Vo Breakpoint

Fig. 2. Typical breakthrough curve for activated carbon showing the movement of the mass transfer zone according to the throughl&|(Mdiziemass
transfer zone).
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adsorption in the bed does not occur and the effluent which internal diameter (i.d.). The design of the process is shown

leaves the column has the same concentration as the one than Fig. 3.

enters. The quantity of adsorbed pollutant at breakpaojnt ( The aim of this step was to improve the process conditions,

in mgg~1) can be obtained from the following relatifi3]: to minimize the outlet metal ions concentration of the treated
effluent, and thus to obtain lower metal ions concentrations

9) than those set by law before dumping. That is why, the effects

mc of some parameters influencing the adsorption process (bed

whereti o is the service time (min) obtained when the outlet depth, linear flow rate through the bed and inlet solute con-
concentration is 10% of the inlet or@g the inlet metalions ~ centration) were studied separately. The results from these

concentration (mgil), Qy the effluent volumetric flow rate ~ €Xperiments were then transposed on a pilot plant scale.
(Imin—1) andm the amount of sawdust (g). This experimental was carried out with three different

packed beds, respectively, 65, 85 and 130 mm in depth. The
column was loaded with dried sawdust, then a 5mm thick

layer of glass cotton was placed at the bottom of the column
221, Adsorbate to prevent any loss of biomaterial. Another one was set at the

All the compounds used to prepare reagent solutions ]Elt)p Of(;r:ﬁ bed:]otﬁrevertsaw_?ﬁstdls%erstlonV\t/_h|llethe SOIUt('jO.n
were of analytic reagent grade. The mother solution of lead owea through the column. 1he Sawdust particie size used in

: : : the fixed-bed study was inferiorto 0.5 mm. The pH of the feed
(1000 mg 1) was prepared by dissolving a weighed quan- : . )
tity of nitrate lead salt in twice distilled water. This mother tank solution was adjusted to 5-5.5 value before feeding the

solution was then diluted and the concentrations of metal ionsCOIumn' The experiments were carried out at CO”StaW room
solutions ranged from 1 to 10 mg!. Before the solution let- temperature (about 2%.). The column was packed vertically
ting through the column packed with the sawdust, the pH of while being subjected to vertically directed vibrations to fa-

the solution was adjusted to the required value for the adsorp-f'lgate p”artl_:_:lr:a st;etttltlng arfutjhprevclent Size segregau;)r:jrt]ear(;he
tion of lead (ll) ions (which was 5.5 according to previous ube walls. 1he botlom of the column was connected to a de-

batch studyj6]), by adding sodium hydroxide 0.1N or nitric tection cell (DC) equipped with a conductimetric probe (CP),

acid 0.1N. lonic strength was kept constant at 0.01 M value a pI—_|?m_eter probe (PM.P) and a t_emperature probe (TP). The
by adding a sodium chloride solution. equilibrium concentration evolution of the solute was mon-

The adsorbing potential of sawdust was checked on real itared by compa_r?ng the "“Fi"%" a_nd measured pH values as
effluents supplied by the STCM Company from its industrial well as the specmc condgctwlty in the release tanks.
site based in Bazoches-les-Gallerandes (45 France). Beside Before letting the solution flow through the bed depth, the

the metal ion (lead at 1.07 mg¥) chosen as a model other column was conditioneq With a0.1M NaHs@qution'at .
metal ions (cadmium at 1.73 mg; nickel at 0.30 mgt? a pH value of 5.1 contained in the tank (PS), the peristaltic
and zinc at 4.70 mg ) were found’ pump (PP2) delivered the latter solution through the bed for

2 h, at a volumetric flow rate of 5mlmidt. This 2-h pre-
treatment was necessary to fix the water-soluble compounds
of the sawdust and to prevent its extractible polyphenolic
compounds from staining the treated water. The column was
then washed for 24 h with distilled water (DW) to clean ex-
cess of pre-treatment solution. The column experiments were
carried out by feeding a solute solution in down flow mode
2.2.3. Analysis of lead (I1) ions through the fixed-bed with a peristaltic pump (PP1). Sam-

A Hitachi 8270 (Perkin Elmer, France) Atomic Absorp- ples collected periodically from the effluent were analyzed
tion Spectrophotometer (AAS) equipped with a Zeeman at- by AAS to obtain concentration.

omizer and an SSC-300 autosampler was used to determine
the concentration of unadsorbed lead (Il) ions in the effluent. 2 4. pilot plant layout
Zeeman effect correction and pyrolytic graphite-coated tubes

were used for AAS measurements. All the instrumental con- To compare the bed performance of this process with those
ditions were OptimiZEd for maximum SenSitiVity as indicated of other packed-bed processes, we considered a continuous

L= Ov110%Co

2.2. Materials

2.2.2. Adsorbent

The sawdust oP. sylvestrisused as an adsorbent was
provided by the Soéité d’Exploitation Forestire Barillet,
Chateauneuf-sur-Loire (45 France).

in a previous study6]. system able to treat in 4 h a volume of 100 of solution con-
taining 1 mg of lead per liter of polluted solutidfig. 4shows
2.3. Preliminary test on a mini-column the pilot plant column used for these studies. The PVC col-

umn (10cm i.d., 100 cm height with a section of 78.5m
With the purpose of studying the efficiency of packed- was used in vertical position. Experiments were carried out
bed columns in the treatment of a liquid effluent containing with a bed depth of 56 cm. The conditions of application for
lead (1) or other metallic ions, preliminary experiments were the experiment were the following ones: (i) the column was
carried out on alaboratory scale with amini-column of 15 mm filled up in the same way as the mini-column, (ii) the column
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E

Co: Initial solute concentration Ge: Glass cotton
CP: Conductimetric probe PMP: pH-metric probe
Cy: Outlet solute concentration at time t PP: Peristaltic pump
DC: Detection cell PS: Pre-treatment solution
DW: Distilled water S: Stirrer
F: Filter TP: Temperature probe
FT: Feed tank Z: Bed depth

Fig. 3. Schematic design of column unit for laboratory scale experiments.

was fed from top to bottom by a centrifugal pump (Kripsol, takento monitor the evolution of the metal ions concentration
KS 75 type delivered by Kripsol, Toledo, Spain) equipped in the outlet solution. They were directly analyzed by AAS
with a filter. This pump delivered 25 equivalent to a  without preliminary dilution.

linear flow rate of 5.66 cm mint. The height of the bed, be-

ing of 56 cm, a contact time of about 10 min was estimated

to be necessary considering the height of that columns and3. Results and discussion

the lower flow rate. All the experiments were carried out at

room temperature (20-2%&). The breakthrough concentra- 3.1. Mini-column scale

tion was defined as the concentration acceptable in view of

the limits (10ug I~1) set by the authorities applying to indus- The results of lead (Il) adsorption onko sylvestrissaw-
trial waste before dumping. Samples of 5 ml were regularly dust are presented in the form of breakthrough curves where

i by
FT
WW)i><»-|
C: Column PI: Pressure indicator
FI: Flow indicator (20 to 200 | hfl) PP: Piezometric Pipes
FT: Feed tank (150 1) WW: Washing water
P: Pump

Fig. 4. Pilot plant setup for industrial wastewater treatment.
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. . Fig. 6. Effect of initial concentration onto the breakthrough curves of lead
Fig. 5. Effect of bed depth on the breakthrough curves of lead (ll) ions (1) ions (Qy = 10mI minL; Z= 13 cm;u=5.66 cm min')

(u=1.42cmmin?; Co=10mg?Y).

) _ ) _ mental conditions (i.e. linear flow rate, bed depth and inlet
the concentration rati€/Co is plotted versus time. Several  spjyte concentration) on the fixation of the metal ions show

parameters were studied. that the breakthrough timéynj depends orz, 1/u and 1Co
according to Eq(3). The breakthrough time also increased
3.1.1. Effect of bed depth with the height of the bed. Breakthrough time is therefore

The breakthrough curves obtained for lead (Il) ions ad- the determining parameter of the process. The larger itis, the
Sorption are illustrated "F|g 5 for different bed depth of better the intra-particulate phenomena and the bed adsorption
P. sylvestrissawdust (6.5, 8.5, and 13.0cm), at a constant capacity areTable J.
linear flow rate of 1.42 cm mint. They follow the character-
istic “S” shape profile produced in ideal adsorption systems. 3.1.2. Effect of inlet concentration
Results indicate that the breakthrough volume varies with  The effect of a variation from 3 to 10 mg} of the inlet
bed depth. This displacement of the front of adsorption with concentration of the solution used with a linear flow rate of
the increase in depth can be explained by mass transfer phe5.66 cm mirr* is shown inFig. 6. Other results obtained with
nomena that take place in this process. When the bed depttvolumetric flow rates of 1.42 and 2.83 cm minshowed that
is reduced, axial dispersion phenomena predominate in thethe trends of the breakthrough curves were similar. However,
mass transfer and reduce the diffusion of metallic ions. The the breakthrough points were totally different.
solute (metallic ions) has not enough time to diffuse into the ~ The effect of the initial concentration onto the break-
whole of the adsorbent mass. Consequently an important re-through curves with column bed depth set at 13 cm is shown
duction 2580-1110 ml in the volume of solution treated at in Fig. 6. It can be seen that a rise in the inlet metal concen-
the breakthrough point is observed when the bed depth in thetration reduces the volume treated before the packed bed gets
column decreases from 13.0 to 6.5 chig( 5andTable J). saturated as shown ifable 2 A high metal concentration
Moreover, an increase in the bed adsorption capaqiyi$ may saturate the sawdust more quickly, thereby decreasing
noticed at the breakthrough point with the increase in bed the breakthrough time. Similar results were also obtained for
depth [able J). This increase in the adsorption capacity with  the sorption of copper and cadmium ions onto bone f&jr
that in the bed depth can be due to the increase in the specifiand sorption of copper and zinc by the residual biomass of
surface of the adsorbent which supplies more fixation binding the algaSargassunsp.[14]. These results demonstrate that
sites. Then it follows that a delayed breakthrough of the pol- an increase in the concentration modifies the adsorption rate
lutant leads to an increase in the volume of solution treated. through the bed and increases the bed adsorption capacity
The increase in adsorption with that in bed depth was due to(Table 9. Therefore the diffusion process depends on the inlet
the increase in adsorbent doses in larger beds which provideconcentratiorfl3,15] Nevertheless, the saturation of the ad-
greater service area (or adsorption sites). Studies of experi-sorbent requires much more time. However the breakthrough

Table 1
Adsorption breakthrough data for mini-column scale for the sorption of lead (lI) ions on different bed depth coligmni®mg?!; u=1.42cmmin?;
Qu=2.51mimimt; §=1.77cnf)

Bed depthz (cm) Adsorbent mass (g) Treated voluig(ml)? Breakthrough timey, (min)? Adsorption bed capacity, (mg g-1)P
6.5 1.96 1110 443 5.7
85 2.53 1625 648 6.4

130 3.92 2580 1030 6.6

@ Obtained experimentally frorig. 5.
b Calculated according to E¢Q).
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Table 2 Table 3
Adsorption capacity of sawdust at different initial metal concen- Effectofthe linear flow rate on the sorption of lead (Il) io@% € 10 mg I2;
trations Z=13cm; mc=3.92g; u=5.66cmmint; Q,=10mimim?; Z=13cm;m.=3.929;S%=1.77cnf)
$=1.77cnf) Linear flow rate  Treated volume Breakthrough  Adsorption bed
Initial Treated volume  Breakthrough  Adsorption bed u(cmmin 1) Vp (ml)2 timety (Min)? capacityqp
concentration  Vp (ml)?2 pointt, (min)®  capacityqp (mgg P
Co (mg1™) (mgg)° 1.42 2580 1030 6.6

3 2200 220 1.7 2.83 1450 289 3.7

5 1210 121 1.6 5.66 640 64 1.6
10 850 85 2.2

@ Obtained experimentally frorig. 7.
@ Obtained experimentally frorig. 6. b Calculated according to E¢Q).
b Calculated according to E().

. hed bef Il th . i fth dust is longer, intra-particulate diffusion then becomes effective.
IS reached betore all the active SItes ot the Sawaust ar€ 0CCU-ry, s the metallic ions have more time to diffuse amidst the

!oied_by the metallic.ions. Althgugh, the valueqp.,fobtelxined particles of sawdust and a better adsorption capacity is ob-
in this study was slightly inferior to those obtained in batch tained Table 3. At a higher linear flow rate, the biosorbent

system (ata pH value of 5, it was found thigwere 7.14 and gets saturated early, certainly because of a reduced contact

1 .
6.29 mg g for Pb.(”) a_md Cd(i, r_espec_tl\_/ely). HoweveFlf, time, a larger amount of ions adsorbed on the sawdust and a
sylvestrisshowed in this study a high affinity for lead cations weak distribution of the liquid into the column, which leads

under these experimental conditions. to a lower diffusivity of the solute amidst the particles of the

. biomaterial§17]. This shows an increase in the uptake of the

3.1.3. Effect of the Ilnear' flow rate . . metallic ions due to the intra-particulate phenomena. There-
The fact that the section area of the column is uniform ¢, o the yolume treated, the breakthrough time and the bed

|mpl|es_that|the Ilhnear ﬂOV\III rat? throu_gr:clthe bads:wectrl]y h adsorption capacity were reduced and a wide volume of solu-
proportional to the overall volumetric flow rate through the ;. jg purified with an efficient elimination. As can be seenin

ﬁacked beﬁl(: Qh"/ ?\C)' t-)r 0 dezj(amir?e rt]he_ e_ff_ei:t 0'; the linear Table 3 2580 ml of solution were treated at a low linear flow
ow rate td rt?ug dt eh N elft , the initial solute CI_olncen- rate of 1.42 cm min® while 640 ml were treated at a high
tration and bed depth were kept constabg £ 10 mg ™, linear flow rate of 5.66 cm mint. Similar effect by studying

é;és cm)_w{wils thel linear .ﬂOW _?te 7\/ari§d r:‘romhl.4i 0 the elimination of copper using the calcium alginat&s]
-66cmmin=. Results are given iRig. 7and show thatthe 54 gold using microorganisms were also presefitéf

uptake of metal ions onto the biomaterials decreases when
the linear flow rate through the bed increases. An increase o ) o ]
in the linear flow rate reduces the volume treated efficiently 3-1-4- Application of the BDST model with variations in

until breakthrough point and therefore decreases the serviceN€ initial solute concentration ,

time of the bed. This is due to the decrease in contact time 1 he €ffect of the inlet initial concentration on bed per-
between the metal ions and the sawdust at higher linear flowformance was studied through the BDST model. The results
rates. As the adsorption rate is controlled by intra-particulate ©Pt@ined are presentedfig. 8by a plot of service time ver-
diffusion, an early breakthrough occurs leading to a low bed SUS Ped depth at a constant linear flow rate. They show that
adsorption capacityTable 3. These results are also in agree- 2" increase in slqpe when the inlet metal ions concgntratlon
ment with those referred to the literatufag, 16} When the decreases, allowing to treat a larger volume of solution. The
linear flow rate decreases the contact time in the column

250+ t,(min)

y=19.34x-28.03
= 10mgl! R*=0.9
14 CJ/C, 5 m§ o =
200 4 + 3mgl!
0.8
150 . y = 9.46x-0.226
0.6 = 5.65 cm min’ R™=0.98
282 cm min:: 1004
0.4+ .’ 1.41 cm min .
u y=7.93x-15.37
50 5
0.2 R™=0.92
]
’
0 4 7‘ _‘\-‘ + T T T T 1 0 T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 6 7 8 9 10 11 12 13 14
Treated Volume (ml) Column bed depth (cm)

Fig. 7. Effect of the linear flow rate onto the breakthrough curves of lead Fig. 8. Effectof inlet concentration onto the sorption of lead (Il) ions: BDST
(I ions (Z=13cm;Cp=10mg1). modelling (1=5.66 cm mirt).
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Table 4
Effect of inlet concentration on the BDST parameters 6.65cmmin?; S =1.77 cn¥; mc=3.92g)
Inlet concentratiorCy (mgl~1) Adsorption capacity, (mgg1)2 Constankags (Img—t min—1)® Dynamic capacitNg (mg I=1)¢ R2
3 1.7 0.026 328 0.98
5 1.6 1.944 268 0.98
10 2.2 0.014 449 0.92

For all experiments the ratiBy/Cp, was 10.R? is the Correlation coefficient.
@ Calculated according to E(P) (Table 2.
b Obtained according to the abscissa intercept in BDST pligt 8and Eq.(3)).
¢ Obtained according to the slope in BDST plbtg. 8and Eq.(3)).

Table 5
Constants of BDST model calculated and obtained experimente#$ 65 cm min; S =1.77 cn?)
Inlet concentratiorCy (mg I=1) Analyze Slopen, (mincnm 1) Intercept,Cy (min) Dynamic capacitiNg (mg|~1) R?
3 Experimental 1842 —28.03 328 0.99
5 Experimental 62 -0.232 268 0.98
10 Experimental B3R —1537 449 0.92
10 Calculated 2 —13.20° 399 1.00

R? is the correlation coefficient.
@ Obtained experimentally frorfig. 8.
b Obtained according to Eqg) and(7), respectively, fom, andCy.

variation of inlet concentration also affects the BDST param- 3.2. Pilot plant scale

eters. The adsorption capacity values, calculated according

to Eq.(3), slightly increase with inlet concentratiofgble 4 For the model building of systems using biomaterials as

and the dynamic bed capacity of the colunNg)increases adsorbents in continuous systems, residence time is an im-

by about 36% when the inlet concentration varies from 3 portant parameter. The longer the residence time is, the better

to 10mg 1. These results are in correlation with those ob- the bed performance is. In our system we can reach the high-

served when studying the breakthrough curves and explainest residence time in two ways: (i) by increasing the height

the lower performance obtained when concentration is raised.of the column, which allows increasing the contact time;

Correlation coefficients calculated by the linearization of ex- (ii) by decreasing the linear flow rate through the column,

perimental data are superior to 0.926le 4. which increases the contact time. The linear flow rate through
Table 5gives the results obtained from slopes and inter- the bed depth was chosen according to the mini-column

cepts at constant linear flow rate and particle size, by calcula-results.

tions from Eqs(4) and(5). These results were compared with For scale-up experiments we increased the internal diam-

those obtained experimentally. The predicted BDST param- eter O;) as well as the bed depthl) while keeping constant

eters calculated from the slope and intercept of the medianthe ratioD;/H at a value of 0.18. This value corresponds to the

for the highest and lowest inlet concentrations, using(Ey). 85 mm high mini-column of 15 mm in internal diameter and

show a good agreement with those obtained experimentallythe linear flow rate through the column was maintained con-

with a correlation coefficient superior to 0.98. The experi- stant at 5.3cmmin! (corresponding to a volumetric flow

mental error was around 11%. Therefore, from these results

we could conclude that the BDST model can produce ac-

curate prediction for the variations of inlet concentration in Table 6 _ _

a dynamic process for lead or other metallic ions—sawdust Data of parameters used for laboratory and pilot experiments

systems. This model was also successfully used for the pre-Parameters Mini-column  Pilot  Scale-up

diction of the breakthrough curves in the elimination of lead column__ ratio

[10] and cadmiunj20] and were in agreement with the pre- Geometric

vious studies. Inter_nal diameter (cm) E) 10 67
h | btained in the ab d ibed . Section (cr) 177 785 444

The results o tained in the above described experiments g cm) 15 100 g

were very encouraging and suggeskdylvestrissawdust Operati
e ey . .~_Operating

o_ffers real potentla!ltl_es as anionic exchanger for an applica Linear flow rate (cm mint) 56 53 095
tion of the process in industrial plants for the treatment ofreal  yjet concentration (mgt) 10 10 1
liquid effluents as reported previoudi®1]. An application Volumetric flow (Ih1) 0.6 25 417
of the process on a pilot plant was then considered to validate Height of sawdust bed (cm) .8 56 66

the process and to find the optimal conditions. Adsorbent weight (g) 3 1000 256
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-I(;é;?rl1ep;rison of the dynamic data predicted from the BDST model with those obtained experimentally

Effluent Treated volume (I) Calculated service titpéh) Predicted service time (h) Deviation (%) Uptake (%)
Co=3mgl? Co=10mgI?

Industrial NS NS 45 45 NS 999

Synthetic 1150 46 48 48 4 999

NS: not specified.
a Corresponds approximately to 1.25-2 g of lead (1l) per kg of sawdust starting from the initial concentration of .67 mg|

rate of 251h1). Comparison of geometric and operating 4. Conclusion
parameters used with mini and pilot columns are indexed
in Table 6 BDST parametersgs(adsorption rate constant) Adsorption of lead (II) ions through sawdust in a packed
andNp (dynamic adsorption capacity), calculated from mini- bed column is an economically feasible technique for remov-
column experiments were used to predict the service time of ing metal ions from a solution. The process allows treatment
the column for the scale-up experiment. of a given volume of effluent by using a minimal mass of
The experimental results about the breakthrough curvesadsorbent which concentrates maximal content of metal.
of the adsorption of lead (II) obtained by measuring the out-  The adsorption breakthrough curves obtained at different
let lead (I1) ions concentrations are shownFiig. 9 which flow rates indicate that an increase in flow rate decreases the
presents thec% £(¢) function. Initially, the concentration of ~ volume treated until the breakthrough point and therefore de-
metal ions adsorbed by the bed and that of the solution leav-creases the service time of the bed. Lower removal capacities
ing the column are equal to 0. However, after a contact time Were observed, probably due to the fact that contact times
of 45 h, which corresponds to 10% of the breakthrough point, were insufficient for the adsorption equilibrium to develop
the metal begins to flow through the column outlet. This time between the sawdust and the metal ions. This process was
agrees with the service time of the sawdust. Then the concen-applied to industrial effluents containing some lead in the
tration increases gradually un€ = Co; at this moment the ~ presence of other metallic ions (nickel, copper, cadmium,
bed is saturated. The service time of the column defined atzinc, iron). The application of the BDST model at 10% of
10% of breakthrough point is given Fable 7 Results show  breakthrough point gave satisfactory results with an error of
that the service timesy) deduced from the BDST modeland ~ around 4% with regard to the theoretical service time.
those obtained experimentally are of the same order. In spite  This model was used to scale-up the process from a
of the presence of other metal ions in the industrial effluent, 0.6 1h™! output (1=5.6 cmmir®) with the mini-column
the breakthrough curveBig. 9) evolve in the same way. This 10 @ 2511 one (1=5.3 cmmirr?) with the pilot column
experiment was not carried on until saturation was reached(Table §. Moreover we were able to increase the flow rate to
because the firm could not 5upp|y any more effluent. Ac- 1001 of solution per hOUI’, which indicated that sawdust ad-
cording to the results obtained, it was noticed that the BDST sorption could successfully reduce the metallic ion concen-
model applied to 10% of breakthrough point allows to sim- tration of outlet industrial effluents in packed bed columns.
ulate or to predict the experimental breakthrough time with The results obtained with the pilot show that the process can
a relatively weak abnormality with regard to the theoretical decontaminate 12001 of effluent containing 1 mg bf lead
value. (1) with only 1 kg of sawdust, before the pollutant gets re-
leased. Thus, the process can adsorb approximately 1.25-2 g
of diluted lead (II) per kilogram of sawdust, with a 99% re-

0167 ¢, moving efficiency. Moreover, the pollutant adsorbed on the
0.14 1 A cheap material can be then captured since the polluted saw-
0121 R dust can be burntin industrial furnaces and lead can be recov-
i ': 'S;‘,;‘fﬁlfﬁ'c eer;%l;e;:; ered from the gshes .after a chemical treatment. Inexpensive,
0,08 - effective, readily available materials can be used in place of
activated carbon or ion-exchange resins for the removal of
iRy heavy metals from solution. Therefore, comparisons of the
0.041 adsorbents are difficult because of inconsistencies in data
0.02 presentation. However, from the literature revieJ22|, the
IR e : — - ; ; ; sorbent used in this study was compared in term of cost
0 500 1000 1500 2000 2500 3000 3500

with those that stand out for high absorbency such as ac-
tivated carbon, fungi biomass, ion-exchange resins, marine
Fig. 9. Adsorption breakthrough data for lead (Il) ions removal on a pilot algae {Table §. Although, 'mP_rO"ed SOI’ptIOIj] capacny ma_‘y

plant scale at height 56 cm, concentration 1.40migvolumetric flowrate  COmMpensate the cost of additional processing it was noticed
251h~1, column diameter 10 cm. that the sawdust presented a better option with a complete

Service time (min)
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Table 8
Comparative purchase price of stand out adsorl@gis

Purchase pric&€(t1)

15000-31000
15000-18000

Adsorbent

lon-exchange resins
Cultivated algae

Activated carbon 2000-5000
Fungi biomass 1000-5000
Marine algae 1000-2000
Sawdust 10-50
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