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ABSTRACT

The possible use of sawdust as biosorbent has been successfully utilised to remove heavy metal
ions from highway runoff. It is noted that increase in Pb?* concentration and pH, caused the
increase in adsorption capacity of sawdust. In relation to this, a decrease in sawdust dose results
in a higher metal loading on the sawdust. The adsorption isotherms of heavy metals fit the
Langmuir or Freundlich model reasonably well. The order of heavy metal adsorption is Pb?* >
Cu®* > Zn?*. A high concentration of co-existing ions such as Ca** and Mg* depresses the
adsorption of heavy metal. Dissolved organic matter (DOM) has a significant influence on metal
adsorption. In studies involving column, a long breakthrough time is observed for heavy metals
according to the ion selectivity on sawdust. The metal adsorption capacity per sawdust mass in
column is lower than that obtained in batch equilibrium tests, which is possibly due to the
insufficient residence time and diffusion limitation of the metal. Flushing of the column saturated
with heavy metals by 0.1M CaCl; solution results in the elution of a highly concentrated metal
within shortened pore volumes, implying that sawdust could be re-used for the treatment of
heavy metals.
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INTRODUCTION

Highway runoffs have various pollutants such as/peanetals, oil and grease, and particulates
from vehicles such as fuels, brake pad wear, asdatear. In particular, various types of heavy
metals are observed in highway runoffs, posing remmental concerns due to their toxic and
persistent characteristics. When there is a sttrenhighly polluted runoff from the highway is
washed off, directly affecting the water qualityaneghe site [1]. Among them, significant
concentrations of copper, lead, and zinc were tedan most literature [2-5].

Many types of structural best management practB®IR) technologies including porous
pavement, catch basins, detention ponds, wetlantigation trenches, complexation, solvent
extraction and membrane processes and vegetatéesdweve been developed for the treatment
of runoff containing heavy metals [3, 5-7]. Meanlghiadsorption processes have shown many
advantages over these physicochemical methods. drieeguite selective, effective, and are able
to remove very low levels of soluble heavy metaissolution. Therefore, the treatment of
highway runoff through a specially constructedrdilion/adsorption system can be a promising
alternative.

The adsorption of metals has been studied usingclst/ sorbents including carbonaceous
materials, waste by-products, weathered soils, ratdral products such as activated carbon,
iron-oxide-coated sand, and zeolites [8-11]. Bialag materials are also recently gaining
attention as simple, effective, and economical mmdanthe treatment of heavy metals in runoff
because they provide effective adsorption capaity cheaper regeneration cost as compared to
conventional sorbents such as activated carboni@meéxchange resins [7, 9, 12-18]. The
adsorption of heavy metals by these biological sotb is attributed to their constituents which
are mainly proteins, carbohydrates, and phenollmpmunds containing functional groups such
as carboxyl, hydroxyl, and amine groups which a&gponsible for the binding of metal ions
[19]. Conclusively, bio-sorbents would be a feasitgption for metal removal in order to develop
a suitable highway runoff treatment system. Sigaiftly, sawdust has advantages over other
media due to its low cost as well as environmeoalefits in terms of reuse of solid waste.

The objective of this study is to investigate thadibility of utilizing sawdust for the adsorption
of heavy metals such as copper, lead, and zinolutisn typically contained in highway runoff.
In this work, the adsorption of metals, especiddlgd on sawdust, was studied using batch
kinetic and equilibrium techniques. The equilibriaasorption data were described by isotherm
models.. Column tests were also performed to inya&tst the applicability of the sawdust
adsorption system for the treatment of highway fisno

EXPERIMENTAL SECTION

2.1. Sorbent and Sor bates

Sawdust was collected from Shivam Saw Mill, ChuMirzapur and washed with deionized
water for three times to ensure that all fines weraoved. The cleaned materials were dried in
an oven at temperature of 70°C for 12 hours. Tleddmaterials were then sieved with a #30
mesh (0.6mm) to be used for adsorption tests. Téments C, H, O, and N were determined
with an Elemental Analyzer equipped with an indeetiurnace analyzer (CE Instruments). The
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cation exchange capacity of sawdust was measuradngthod of NEAC exchange [20]. Other
physico-chemical properties of sawdust were andlyr®l are given in Table 1.

The analytical grades of Pb(N@ Cu(NG).2.5H0, and Zn(NQ).BH,O were purchased from
Aldrich Chemicals. All heavy metal solutions weneared in stock solutions of up to 1000
mg/L of metal. Concentrated stock solution was useshake various required dilutions for the
adsorption experiments.

Table 1. Physical and chemical properties of sawdust

Properties Value

Particle size (mm) <0.6
Water content (%) 4.4+ 0.10
Volatile matter (%) 98.9+ 0.12
CEC (meq/100g) 72.3+3.25
Total acidity (meq/qg) 0.108
Elemental analysis (%)

Carbon 48

Hydrogen 6

Oxygen 39.9

Nitrogen 0.1

2.2. Adsorption tests

Adsorption experiments for heavy metals on the setvivere carried out in batch reactors. A
known weight of sawdust (2.0 g) was added to tHatism (1000 mL) with an initial metal
concentration of 3—20 mg/L. The initial pH of thestal solution was adjusted to the desired
value (pH 3.0, 4.5, or 7.0) with HCI or NaOH. Thid palue was measured using a digital pH
meter (920A, Orion Inc.). All the bottles were miesing a fixed agitation speed at room
temperature. Samples were taken at predetermimeglisg times. Five milliliters of the sample
was withdrawn at predetermined time intervals, waag filtered using a 0.46m syringe filter
(PVDF, Millex HV). The filtrates were analyzed by anductively coupled plasma atomic
emission spectroscopy analyzer (ICP-AES, Leeman Ags) to measure metal concentration.
No correction for volume change was made becauwspditentage of total volume removed was
considered sufficiently small (less than 0.5%).

Adsorption studies were carried out at variousahgorbate concentrations, sorbent doses, and
pH values. Additionally, the effects of other ioms the adsorption were evaluated considering
the real conditions occurring at the storm wateoffifrom the highway. lons of NaK*, Mg*,

and C&" concentration varied from 0 M to 0.5 M. Dissolvetganic matter (DOM) was
obtained by purification of Aldrich humic acid aedimg to the method of Hur and Schlautman
[21]. The DOM concentration used in this study Wa40, 50, 100 mg/L based on total organic
carbon content, respectively. The quantity of aosdmheavy metal on sawdust was calculated by
a mass balance relationship. Duplicate tests wamged out for all experiments, and the mean
values were presented.

Column experiments were carried out using a glaggmmn (0.015 m long, 0.025 m i.d.) with an

adjustable plunger. The column was packed wittg2sawdust, and the bed length was kept at
0.03 m. After packing the column, helium gas wasdut remove the entrapped air in the
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sorbent pores. Deionized water was then passedighronore than 100 pore volumes to
condition the column. The bulk density and porosgigre determined gravimetrically as 510 g/L
and 0.64, respectively. HPLC pump (Alltech Inc.)swa@nnected to the column, with a three-
way valve placed in-line to facilitate switchingtveen solutions with and without heavy metal
solution. Conservative tracer tests were carrigdusing a sodium bromide solution. The tracer
solution was regularly taken from the outflow, atslconcentration was measured by an ion
chromatography (ACME, Younglin Inc.).

The solution of heavy metal mixture (i.e.,’PhCLf*, Zrf") with an initial concentration of 10
mg/L was pumped through the column at a flow r&t8ComL/min. The samples were collected
at the end of the column at different time intesyahnd they were analyzed for metal
concentration using ICP-AES. After the adsorptiest,tflushing of the column with 0.1M CaCl
solution followed, and the samples were collectechhalysis.

RESULTSAND DISCUSSION

3.1 Effect of sorbate and sor bent concentration

The adsorption of Pbas a function of its initial concentration rangimetween 3 to 20 mg/L on
sawdust is shown in Fig. 1. The adsorption rate ng&tively fast at the initial stage, showing
that approximately 90% equilibrium was attainedhmt30 min. This result suggests that the
adsorption of PB mainly occurred at the surface of the sawdustertiis stage, the adsorption
rate became slower, which was probably due to iffiestbn of the metal ion into the sawdust.
Storm water containing high initial pollutant loasl called the first flush, a phenomenon
commonly observed at highly impervious sites sushthee highway. Initially, high pollutant
concentrations in the first flush rapidly decreaafer 20-50 min, thereby maintaining relatively
low concentrations [22]. Over 90% of metal remawak obtained within the first 30 min of the
run, indicating that the sawdust can be an effeciiggsorption material for the treatment of first
flush. The equilibrium time for the adsorption ob?P on sawdust at different sorbate
concentrations was found to be 360 min, which iegpthat equilibrium time is independent of
initial adsorbate concentration.
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Fig. 1. Adsorption rate of Pb (I1) on sawdust (Sawdust dose=2 g/L, pH =4.5).
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The results shown in Fig. 2 and Table 2 indicatat tihe adsorption capacities of sawdust
increased as Pb concentration increased. This is possibly dueh® gradual increase in
electrostatic interactions between sawdust sur$ites and increased Ptmolecules [19]. The
dosages of sawdust varying from 0.5 to 2 g/L wéueisd using solutions of 10 mg/L hto
evaluate the influence of the sorbent dose on diseration capacity. The adsorption capacity of
sawdust was obtained after a 24 h adsorption pso¢eg. 2, Table 2). The adsorption capacity
of the sawdust decreased as the sorbent dose sedredowever, the removal efficiencies of
PK** increased, since the equilibrium concentratiorthef PB* in solution was lower in the
presence of high concentrations of sorbent. Moas ©0% of the PB could be removed from
the solution when the dosage of the sorbent wdk atghe pH of 4.5.

Table 2. Effect of sorbent dose, initial sorbate concentration, and solution pH on the adsor ption of Pb (I1) by

sawdust
Sorbent H Sorbent dose Initial Pb(11) Sorption capacity, Removal
P (g/L) concentration (mg/L de (Mmg/g) efficiency (%)
0.5 10 8.84 44.2
1.0 10 8.56 85.6
45 2.0 3 1.40 93.3
Sawdust 5 2.31 92.4
10 4.68 92.2
20 7.92 79.2
3.0 2.0 10 1.64 32.8
7.0 2.0 10 4,94 98.8
Initial Pb(Il) Conc. (mg/L)
0 5 10 15 20 25
t } t } 10
8 + + 8
1 -+ 6 —
— 2
2 + 4 g’
[e)) 4
E ° <
O
Ua.) T 2
2 t t 0
0 1 2

Sorbent Dosage (g/L)

Fig. 2. Adsorption capacities of Pb (I1) sawdust as a function of sorbent dose and initial Pb(I1) concentration
(pH =4.5).

3.2 Effect of pH

The effect of pH on the adsorption of?Pbn sawdust was studied by varying the pH of metal
solution from 3.0 to 7.0. The results in Table gBidate that the adsorption of Pon sawdust
was strongly pH dependent, as has been commongnadss for heavy metal adsorption on bio-
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sorbents [13, 23, 24]. The adsorption of heavy hmatasawdust is attributed to ion exchange
with hydrogen ions. Additionally, a number of anmtigands such as carboxyl and hydroxyl
group may take part in the complexation with maévals at the sawdust surfaces. It was also
observed that Pbremoval increased as pH increased. At a low pelettistence of a relatively
large number of hydrogen ions resulted in the dsgpoa of the exchange between the metal and
the hydrogen ion. Also, the complexes formed viargrction between the metal ions and acidic
functional groups were destabilized at a low pHdose the stability constants decreased with
pH, and therefore, the metal ions eluted into tbkit®n. Also, physical adsorption on the
lipophilic part of the sawdust occurred at certpth ranges where metal was associated with
hydroxide and became neutral [25].

3.3 Adsor ption isotherms

The equilibrium adsorption of heavy metatg, (mg/g), can be related to the equilibrium
concentration of these metalSs (mg/L), either by the linear form of the Langmusotherm
model:

&: 1 +& (1)

A KS, S,

or the Freundlich isotherm model:

logq, =logK +1logCe 2)
n

where§, andK are the Langmuir constants, representing the maximdsorption capacity for
the solid phase loading and the energy constaatietto the heat of adsorption, respectivigly.

is the Freundlich constant related to the adsamptapacity, where @/is related to the
adsorption intensity. The adsorption isotherms e&\y metals were determined for various
concentration ranges and fixed mass of sawdustL (b§/solution). The linear plot of the
Langmuir equation was drawn, and the value§,pdndK_ were determined by Fig. 3 and also
from the slope and intercept of the linear ploti&f q, vs. log C, corresponding to 1/n and log

Kr (Fig. 4).
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Fig. 3. Langmuir isotherm plot for the adsor ption of heavy metals on sawdust (Sawdust dose = 1g/L, pH =
45).
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Fig. 4. Freundlich isotherm plot for the adsor ption of heavy metals on sawdust (Sawdust dose=1g/L, pH =
45).

The equilibrium adsorption of three heavy metale.(iPB*, C/*, and ZA") were well
represented by the Langmuir or the Freundlich madiél high R values, as described in Table
3. The suitability of both isotherm models in regmeting the equilibrium data of three heavy
metals indicated that there was the formation oh@nolayer of metal ions on the sawdust
surface [13]. The order of adsorption affinity @awslust was PB >Cuf* >Zr?, and it was related
to the differences in electronegativity of the atd@onsidering that the adsorption of heavy
metals on sawdust is mainly due to ion-exchangahetsurface level, and found that more
electronegative metals show a higher adsorptiotetecy.

Table 3. Langmuir and Freundlich adsor ption isotherm parameters of heavy metal on sawdust

Sorbent System Metal typé S“Lan mu||<r|_constanF§L2 < Freun(illlrt]:h constF:?t
Metal ion Pb(l1) 30.48 0.0137] 0.999 2.67 0.38§ 0.9§ 2
in single Cu(ll) 30.90 0.0073] 0.986 1.19 0.495 0.973
Sawdust Zn(ll) 26.74 0.0071| 0.999 1.00 0.503 0.999
Metal ion Pb(l1) 35.10 0.0052] 0.985 0.95 0.53b 0.999
in mixture Cu(ll) 28.30 0.0059| 0.999 0.80 0.538 0.999
Zn(ll) 28.10 0.0042| 0.991 0.42 0.625 0.976

3.4 Effects of Co-existingions

As highway runoff usually contains a mixture of soand dissolved organic matter [3, 26], the
effects of these compounds on the adsorption ofyhe®etals on sawdust need to be evaluated.
In the mixture system of metals, the order of thetahadsorption was Pb> Cuf* > Zr?*, which
was consistent to the order of the single metaksygTable 3). It was found that in mixed metal
solutions, the adsorption of a particular metal @n sawdust was less than those if it were
present alone, which corresponded to a decreassmaval efficiency (Fig. 5). Also, our results
showed that the presence of NK*, Mg?*, and C&" partially depressed the adsorption of Pb
by sawdust (Fig. 6). In Fig. 6, the control represd the PH adsorption in a single system
without any other ions. Divalent ions such as’Gad Md* exhibited a stronger inhibition of
PK** adsorption than Naand K.
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Fig. 5. Comparison of Pb?" adsor ption in single and mixture system by sawdust (I nitial metal concentration =
100 mg/L, sawdust dose =2 g/L, pH = 4.5)
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Fig. 6. Effect of inorganic ions and dissolved organic matter on the Pb?* adsor ption by sawdust (I nitial Pb**
concentration= 100 mg/L, sawdust dose= 2 g/L, pH = 4.5)

This was in agreement with other studies which stbthat the inhibition was stronger with
higher valent ions than with lower ones [19]. Ae toncentrations of these ions increased from
0.1M to 0.5M, the effects of Gaand Md* were much more pronounced than those baKd
Na'. Additionally, it was observed that DOM signifithn affects the PBH adsorption on
sawdust. At a low concentration of DOM, an enhaneedorption of P was observed.
Generally, DOM strongly affect heavy metal adsanptisince the structure of these compounds
contains a large proportion of functional groupshsas carboxyl, hydroxyl, sulfate, phosphate,
and amino groups [26]. Added DOM was adsorbed eratlailable surface sites of sawdust, and
sorbed DOM reacted with Pbvia complexation, resulting in the increased apion of PB".

As DOM dosage increased, a relative amount of D@Mdueous phase also began to increase
as the surface sites of sawdust became satura@ml iD aqueous phase then competed with
sawdust surface sites and sorbed DOM fof* Rtartitioning. Correspondingly, the increased
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interaction between DOM in aqueous phase arfd Bba high dose of DOM resulted in the
decreased enhancement of Ridsorption on solid phase (sawdust).

3.5 Column Studies

The results of metal adsorption on sawdust in calware described using breakthrough curves
(BTCs) where the concentration ratio/(C) was plotted versus pore volumes (time). Figure 5
shows that an observed BTC of conservative trd@ey &nd a concentration ratio of/C, = 0.5
was reached at 1.0 pore volume, implying that thedsist layer in column was relatively
homogeneous. The BTCs of metals showed a largentexit retardation lEzFig. 7). The
breakthrough curves occurred at about 150, 500880cbore volumes for BPh Cuf*, and 3",
respectively. As proven from batch tests, the nfiabrably sorbed metal, P occupied most
of the adsorption sites on the sawdust in colunmerdfore, less favorably sorbed metals such as
CU?* and ZiA* showed more rapid breakthrough. Also, the sloptefZrif* and CG* curve was
steeper than that of the Plzurve. This observation implied that the adsorpté Zrf* and CG*

on sawdust resulted mainly from the ion exchandslenthe adsorption of Bbwas not only
based on ion exchange, but might likewise involsea physical adsorption [25]. The quantity
of P¥* adsorbed in the column was obtained by numeriuaigration of the area above the
BTC. The adsorption capacity per sorbent mags\@s determined to be 0.89 forZn2.17 for
Cw?', and 5.15 mg/g for Bh respectively. These values were lower than thtained from
batch equilibrium tests, in which maximum ®as 17.1 for Zfi, 20.2 for C@", and 24.5 mg/g
for PK*, respectively. This difference might be due to thea particular diffusion-limited
adsorption rate [16, 17]. Mostly, high flow ratesuéis in the insufficient residence time of the
solute and the diffusion limitations of the soluté the pores of the sorbent. It implies that the
retention capacity of the adsorption system utilizisawdust is largely dependent upon the
intensity of rainfall by which the flow rate of tgay runoff coming into the treatment facility is
determined.

Pore Volumes for Bromide Transport
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Fig. 7. Breakthrough curves of heavy metals from sawdust-packed column (M etal concentration of feed
solution = 10mg/L).
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The column regeneration was carried out to evaltieae-utilization of the adsorption system
with sawdust. A solution of 0.1M Caflvas used to elute the heavy metals adsorbed itisede
column. The elution curves of the three heavy sedad shown in Figure 8. The curves showed
a sharp increase in the beginning followed by algmh decrease. Also, highly concentrated
metal solutions were eluted within shortened paskimes (time). Opposite the order of the
adsorption process, the order of elution of heaeyafs was Zn > Cu > Pb, respectively.. The
mass of eluted metal was calculated using theosluturve, and it measured 37.8, 10.6, and 6.8
mg for PB*, CU**, and ZA", respectively. Most of the heavy metals adsorbed the sawdust
were eluted, and thus the sawdust could be reetilfor the repetitive adsorption of metals.

400 T

Metal concentration (mg/L)

0 10 20 30 40 50
Pore volumes

Fig. 8. Breakthrough curves of heavy metals from sawdust-packed column flushed with 0.1M CaCl, solution.
CONCLUSION

Sawdust was found to be an effective bio-sorbentife removal of heavy metals in highway
runoff. Based on our findings, the adsorption cégaxf sawdust increased along with increases
in sorbate concentration and pH. The increase enstiwdust dose resulted in the increased
removal rate of heavy metal. The removal of Rhas rapid at the initial stages, but it became
slower afterward. The equilibrium adsorption of Weametals on sawdust fitted well the
Langmuir or Freundlich model . The adsorption cégaxf metal varied from one metal system
to another, and depended upon the presence ofrogtal(s) in the solution. Divalent ions (Ga
Mg®") were more efficient in depressing the metal gutsmm on sawdust than monovalent ions
(Na’, K). DOM showed a significant effect on the metal cagon on sawdust via the
complexation reaction. The enhancement or depmessionetal adsorption in the presence of
DOM might be largely dependent upon the relativeamts of DOM existing at the aqueous and
solid phase (sawdust surface). The results of themm experiments indicate that the sawdust
layer exhibited a retarded breakthrough of metaks w high adsorption capacity. The value of
adsorption capacity per sorbent mass in columnlesssthan those from equilibrium batch tests.
Conclusively, the results of this study suggest tha adsorption system utilizing sawdust is an
economically feasible technique for the treatméritighway runoft.
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