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Abstract

Heavy metalscan be serious pollutants of naturalwater bodies causing health risks to hum ans
and aquatic organisms. The purpose of this study was to investigatethe removalof five heavy
m etals from water by adsorption onto: an iron industry blast furnace slag waste (pointof zero
charge (PZC) pH 6.0; main constituents, Ca and Fe); and a coal industry fly ash waste (PZC
3.0; mainconstituents,Siand Al). Batch study revealed thatrising pH increased the adsorption
of all metalswith an abruptincreaseatpH 4.0-7.0. The Langmuiradsorptionmaximum for fly
ash at pH 6.5 was 3.4-5.1 mg/g with the adsorption capacity for the metals being in the order,

Pb > Cu >Cd, Zn,Cr. The corresponding values for furnace slag were 4.3 to 5.2 mg/g,and the



order of adsorption capacities was Pb, Cu, Cd > Cr > Zn. Fixed-bed column study on furnace

slag/sand mixture (1:1 w/w) revealed that the adsorption capacities were generally less in the

mixed metalssystem (1.1 — 2.1 mg/g)than in the single metalsystem (3.4-3.5 mg/g). The data

for both system s fitted well to the Thomas model, with the adsorption capacity being highest

for Pb and Cu in the single metalsystem and Pb and Cd in the mixed metalssystem .Our study

showed thatfly ash and blastfurnace slag are effectivelow -costadsorbents forthe simultaneous

removalof Pb,Cu, Cd,Cr,and Zn from water.
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Introduction

Elevated concentrations of heavy metals in water pose a serious health risk to humans and

aquatic life forms (Ahmaruzzaman2011; Fuand W ang 2011; Saha etal.2011). Consequently,

regulatory agencieshave setmaximum permissible limits forthe dischargeofheavy metals into

aquatic systems. Therefore,the removalof these metalsfrom contaminated water is important

for the protection of hum an health and the environment.Precipitation/coagulationisa widely-

used method to remove heavy metals.But this process commonly generates large amounts of

low density fluffy sludge which generates dewatering and disposalproblems.Furthermore,itis

not effectivein removing heavy metalsthat occur at low concentrations (Fu and W ang 2011).

M em brane filtration is an effective means of metal ions removal but its high cost is a

disadvantage.The adsorption methodisgenerally considered to be attractive because ofits high

effectiveness, simplicity and flexibility of plant design and operation, and environm ental



considerations (Fu and W ang 2011). Another advantage is that the adsorption process is

generally reversible, and therefore, the adsorbent can be regenerated by desorption of the

adsorbed metals for multiplereuse (Nguyen et al.2015).

One of the economic means of removing heavy metals using the adsorption process is

using low-costadsorbents.Severalreview papershave summarised theadsorptioncapacitiesof

heavy metals in low-cost adsorbents (Ahmaruzzaman 2011; Bailey etal. 1999; Gupta and Ali

2000; Kurniawan et al. 2006; Saha and Orvig 2010; W ang et al. 2003). Of these low-cost

adsorbents,industrialby-productsareusefulmaterials fortheremovalofheavy metals,notonly

because of their low cost but also using this process to some degree solves the problem of

environmentalpollution arising from disposalof thisby-productwaste.

Fly ash is acoal industry by-productand has been used as an economical adsorbentfor

removing heavy metals. The generation of coal com bustion products of which fly ash is an

importantcomponentamounted to 780 million tonnes in 2010 (Heidrich et al. 2013). The use

of fly ash forremoving heavy metals from industrial wastewaters was reported many decades

ago (Gangoli et al. 1975; Grover and Narayanaswamy 1982). Bayat (2002) reported that the

higherthe Ca contentin the fly ash the greater the adsorption capacity of heavy metals. Apak

et al.(1998) studied single metaland mixed metals (competitive adsorption)adsorptionof Pb,

Cu and Cd by fly ash and reported that the adsorption affinity of the metalsin both the single

and mixed metals systems followed the order Cu > Pb> Cd. They explained this as being due

to energetic reasons in which the hydrolysis products and hydroxide precipitatesof the metals

adsorb with higher affinity. A similarreasoning was given for the following order of removal

of heavy metalsby a South African fly ash: Pb > Cr> Cu > Ni>2Zn > > Cd (Ricouetal.1998).

Steel plants generate a large amounts of blast furnace slag as a by-product, causing a

serious disposal problem . W orld steel slag production amounted to about 170-250 million

tonnesin 2013 (van Oss 2014).Blastfurnace slag hashigh adsorptioncapacity forheavy metals



because of the presence of Al and Fe oxides inthem (Dimitrovaand M ehandgiev 1998; Gupta

1998). Dimitrova (1996) studied the adsorption of Cu, Niand Zn from simulated wastew ater

using blast furnace slag in a batch study and found that the Freundlich adsorption constant

related to the adsorption capacity was in the order, Cu > Zn > Ni. They explained that the

adsorption capacities were linked to: firstly, the tendency of metals adsorbing as hydroxide

complexes; and secondly, the formation of insoluble compounds on the internal surface of

adsorbent.In a subsequentcolumn adsorptionstudy, itemerged thata granulated blast furnace

slag had column breakthrough adsorption capacities following the sequence, Pb > Cu > Cd >

Ni (Dimitrova,2002).

Competitive adsorption of metalsisof primary importance in water and wastew ater

treatmentbecause mostmetalions coexistwith each other in solution.However,only a few

studies investigated the simultaneous adsorption of mixed heavy metalson coal fly ash and

furnace slag. These studies have mainly been done on the static batch system . Column studies

which are dynamic and closer to the operationalconditionsin treatmentplants are necessary.

The aims of this paper were to: (i) study the feasibility of using blastfurnace slag and

coal fly ash as adsorbents for removing five heavy metalions (Cd, Cr, Cu, Pb, and Zn) from

aqueous solutions in single metal and multi-m etals system s in batch and column adsorption

experiments; (ii) investigate the influence of pH on adsorption;and (iii) model the adsorption

data.

M aterials and methods

Adsorbents characterisation

Fly ash and blast furnace slag samples were obtained from Coal Ash Development
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Association of Awustralia Inc. and Awustralasian (iron and steel) Slag Association (ASA),
respectively. Furnace slag used in this study was produced by BlueScope Steelin Port Kembla,
NSW , Australia, and this slag constitutes an abundant by-product in the steel manufacturing
process. The furnace slag was treated with H,0, at60 °C for 24 h to oxidise the organic m atter
in the slag. Itwas subsequently washed with de-ionised water, dried at 100 °C, powdered, and
then sieved to 150 - 300 um . This size fraction was used for the study. As received fly ash of
particle size 10-20 pm was used for the study.

Zetapotentialsofthe adsorbents were measured in 10 mL suspensions containing 1.0 g
adsorbent at different pHs after shaking the suspensions for 8 hours. Zeta potential was
measured using a Zetasizernano instrument(NanoZS Zen3600, M alvern, UK ) aftermeasuring
the final pH. Surface area was determined by BET nitrogen-sorption measurements using a
M icromeritics 3 Flex surface characterisation analyser. A°-. XRD Shimadzu S6000 (Japan)
diffractom eter equipped with a Cu target was used to determine the mineralogy on powder
samplesof the adsorbents. The diffractometerwas operated at40 kV and 30 m A with a setting

0f5-45"° (26),atincreasing step rate of 2 °Imin.

Batch experiments

Adsorption of heavy metals onto the adsorbents was studied in batch experiments by shaking
0.01 to 2.0 g of adsorbents with metals,each atan initialconcentration of5 mg/L,in 100 mL
solutionsata pH of 6.5 and ionic strength of 10°M™ NaNOg;at25 + 2 °C for 24 h.The pH was
kept constant at 6.5 by adding 0.01 M NaOH during the first 4 h when the pH decreased.
Thereafter,there was no change in pH till the end of the experiment.Past studies also showed
decrease of pH during heavy metalsadsorption (Sounthararajahetal.2015;Suetal.2010). The

suspensions were filtered and the heavy metalconcentrations inthe filtrate were analysed using



a Microwave Plasma-Atomic Emission Spectrometer (MP-AES-4100 Agilent). The amounts
of metals adsorbed were determined by subtracting the amounts of metals in the filtrate from
the amounts of the respective metals initially added. The adsorption data were fitted to the
Langmuir, Freundlich and Dubinin—-Radushkevick adsorption isotherms (Sounthararajahet al.
2015).

To study the influence of pH on metalion adsorption,the pH of the metalion solution
(5 mg/L in 100 mL) was changed (pH 2-9) by adding dilute NaOH or HCI solution. 0.5 g of
adsorbent was added to the pH adjusted solution and the suspensions were agitated in a flat
shaker at a shaking speed of 120 rpm for 12 h atroom temperature (25 £ 2 l)C). The pH was
kept constant at the initial value by adding 0.01 M NaOH or 0.01 M HCI during the first 4 h
when the pH changed. Thereafter, there was no change in each pH study till the end of the

experiment. The amounts of metals adsorbed were determined as described previously.

Column experiments

The fixed-bed column used forthe experimentsconsisted of 2.0 cm innerdiameterPyrex glass
tubes. Column adsorptionexperimentswereconducted by passing solutionsofzZn, Cu, Cd, and
Pb at concentrations of 5 mg/L of each metal through the column containing 80 g of furnace
slag and 80 g of sand mixed togetherand packed to a heightof 12 cm . Column experimentwas
notconducted on fly ash because itwasnotpossibleto pack fly ash in the columnand maintain
a constant flow of solution through the column. The fly ash formed a cake and blocked the
water flow.

Distilled water adjusted to an ionic strength of 10 °m NaNOg; was used in the batch
adsorption experiments.Because large quantitiesofdistilled waterwere notfreely available for

the continualdynamic operationin column study, tap water (ionic strength 95 mg/L) was used



in the column experiments. Heavy metals were added separately to tap water to produce a

concentration of 5 mg/L each metal,and each metal solution was filtered downwards through

the column at a flow rate of 20 mL/min (1.0 m/h). Two peristaltic pum ps; one at the inletof

the solution and the other at the outlet were used to maintain the flow rate. Filtrates were

periodically collected atregularintervalsandanalysed forpH and heavy metalsconcentrations.

A similar experiment was conducted with a mixture of heavy metals with each metal at the

same concentration as in the single metals experiment. The column adsorption capacity, qiotal

(mg)was calculated by com puting the area withinthe plotofthe adsorbed metalconcentration,

Cag (Caad = Co — C) (mg/L) againsttime (t, min) (C, is feed heavy metal concentration, C is

effluent heavy metal concentration). A Microsoft Excel spread sheet was used for the

calculation which was based on Equation (1), where Q isthe velocity of the solution (L/min):

dt (1)

The breakthrough data was simulated using Thomas model (Thomas 1944). The model was

derived from the equation of massconversationina flow system . It had the assum ption thatthe

rate of the driving force obeys second order reversible reaction kinetics and the adsorption

equilibrium followsthe Langmuirmodelwithnegligible axialandradialdispersion inthe fixed-

bed column.

The main rationale of using this adsorbent was its low cost, produced from an ample

supply of waste m aterial. Therefore, it was not regenerated for repeated use as in the case of

other adsorbents (Nguyen etal.2015; Sounthararajahetal. 2015) for economicreasons.



R esults and discussion

Characterisation of fly ash and furnace slag

The chemical com positions of these m aterials are presented in Table 1. The fly ash was
composed mainly of SiO, and AIl,O3; whereas the furnace slag consisted mainly of CaO and
Fe,03. These compositions agree with those reported for fly ash by Cho et al. (2005) and for
blastfurnace slag microspheresby Leeetal.(2012). BET surface area of fly ash was 2.82 m 2/g
while thatof furnace slag was 1.06 mzlg.

The XRD pattern of the fly ash sample indicated that the sample consisted mainly of
quartz and mullite minerals (Figure 1). Koukouzas et al. (2006) have reported that these two
minerals were the dominantconstituentsofa Chinese fly ash based on their XRD analysis.The
X RD pattern of the furnace slag indicated that the slag consisted of many minerals of which
gehlenite, wollastonite, and merwinite were the predominant ones, as observed in a South
A frican blast furnace slag (Lewis 1982).

Zeta potentialvalues showed thatthe fly ash and furnace slag particleswere positively
charged atlow pHs and negatively charged at high pHs (Figure 2). The point of zero charge
(PzZzC,the pH atwhich the netsurface charge is zero) of fly ash was ata pH of 3.0 while thatof
furnace slag was ata pH of 6.0. Itcan therefore be expected thatpositivelycharged metalions
are likely to be adsorbed by Coulombic forces (outer-sphere com plexation; Loganathan et al.
2014) onto thenegatively charged fly ash particlesatpH above 3.0 and above pH 6.0 in furnace
slag. However, adsorption by other forces (inner-spherecom plexation; Loganathanetal.2014)
can also occuratallpHs independentofthe PZC. The high contentof SiO,in fly ash (Table 1)
may have resulted in the low PZC of fly ash. In com parison to fly ash, the furnace slag had a

higher PZC, probably due to the high contents of Fe and Ca oxides. SiO , is known to have a
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PzC o0f2.0-3.7 (Park 1965), Fe,O030f5.5-9.0 (Park1965) and CaO of11.8 (Oladojaetal.2012).
The PZC of fly ash of pH 3 is closer to the value of pH 2.8 reported for a coal fly ash from
Korea (Cho etal.2005). The PZC of blastfurnace slag of pH 6.0 is notvery differentfrom the

value of 7.6 reported for blast furnace slag microspheresby Lee etal.(2012).

E ffectof pH on adsorption

The increasein pH subsequently increased metalsadsorption.For fly ash, an abruptincreasein
adsorptionofallmetalsoccurred atpH 5.5-7.0,whereas forfurnace slag thisoccurredatalower
pH of 4.0-6.0 (Figures 3). The lower pH range where abruptincrease in adsorption occurs for
furnace stag cannot be due to an increase in negative surface charges (zeta potentials) on the
adsorbent. This is because the pH at which negative charges startto increase was higher for
furnace slag compared to fly ash (Figure 2). There is practically no removal of metals at pH
lower than 3.0 which may be due to the presence of a high concentrationof H' atlow pH that
competed with the metals for adsorption and fewernegative surface charges on the adsorbents.
The abrupt increase in adsorption at pH 4.0-7.0 is due to the formation of metal hydroxide
precipitation on the surface of the adsorbents and adsorption of metal hydroxide com plex
(M OH+) whose concentration increasesat pH 5.0-7.0 depending on the metal (Sounthararajah
et al. 2015). M etal hydroxide complexes have higher affinity to the adsorbent surface than
simpledivalent metalions (Loganathan et al.2012).

The pH of precipitation is governed by the solubility product of the metal hydroxide
(pKso) and pH of metal hydroxide complex formation is determined by the first hydrolysis
constant (pK,) (Table 2). The higher the pKs, value, the lower is the pH of metal hydroxide
precipitation on the adsorbent surface (Loganathan et al. 2012). Chromium hydroxide which

has the lowest pKs, value (Table 2) precipitates athigher pH and therefore the abruptincrease



in adsorption occured at a higher pH than other metals. An opposite trend was found for Pb
which has the highest pKs, value Also, not considering Cr, Pb has the lowest pK; value, and
therefore the pH at which the metalhydroxide complex (Pb(OH)+) started to form was lower
than thatof other metals resulting in abruptincreae in Pb adsorption at the lowest pH . Despite
Cr having the lowest pK,, itdid not have a marked increase in adsorption at low pH because
the trivalentCrundergoes hydrolysisforminga complexity ofions and its behaviourcannot be

explained by the value of pK; (Ragaietal.1991).

Batch equilibrium adsorption

Equilibrium adsorption of all metals at pH 6.5 was successfully described using the Langm uir
and Freundlich models, but poorly when the Dubinin-Radushkevich model was employed
(Table 3). The Freundlich model fitted the data slightly better than the Langmuirmodel. The
Langmuirmaximum adsorption capacities forthe metalsfollowed the order, Pb > Cu > Cd, Zn
and Cr. Despite furnace slag having a higher PZC than fly ash the adsorption capacities for the
m etalswere generally higher for furnace slag (4.3 - 5.2 mg/g)than for fly ash (3.4 - 5.1 mg/g).
This shows that electrostatic adsorption (outer-sphere complexation) was not the main
mechanism of adsorption.Specificadsorption (inner-spherecom plexation)ofboth the divalent
m etal ions and metalhydroxide com plexes is probably the main mechanism.Also, despite the
surface area of fly ash being larger than that of furnace slag, the adsorption capacities were
lower for fly ash. Therefore, rather than total surface available for adsorption, the number of
active sites available for adsorptionis important. Furnace slag had higher adsorption capacities
because it contained more iron oxide which specifically adsorbs heavy metals (Nguyen et al.
2015). The adsorption capacities of both fly ash and furnace slag are lower than that of many

other adsorbents (e.g.zeolite, Nguyen etal.2015; nanotitanate, Sounthararajahetal.2015), but
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because these m aterials are wastes, they are cost effective and consequently suitable to be

utilised as adsorbents.

Column adsorption on furnace slag

To investigate the adsorptiveremoval capacitiesof furnace slag column,heavy metalsolutions
with 5 mg/L initialconcentration were treatedin a column containing furnace slag mixed with
clean sand. Results showed thatthe breakthroughcurves of metals were closer to each other in
single metal system than in the mixed metals system (Figures 4 and 5). In the mixed metals
system ,furnace slag appeared to be betterin removing Pband Cd than other metals whereasPb
and Cu were more efficiently removed in the single metal system . This was also observed in
one study using Pb, Cd, Cu, Zn, and Cr adsorptionon zeoliteand iron-coated zeolite (Nguyen
etal. 2015).

The influentpH to the column was maintained constant at 6.0 and 5.0 for single and
mixed metals systems, respectively. The effluent pHs were approximately the same as the
respective influentpHs for the single (6.0 £+ 0.1) and mixed metals (5.0 £+ 0.1) systems.One of
the reasons for pH not changing in the effluentcould be due to the short residence time the
influenttook to passthrough thecolummn.Inthe presenttrial,itwas 7.2 min (slag+ sandcolumn
depth was only 12 cm , filtration velocity 1 m/h). Another reason is thatthe slag was thoroughly
washed with water and treated with H,O, prior to the column study. Dimitrova (2002) also
reported thatwhen slag was acid washed to pH 5.5 priorto Pb adsorptionthe pH of the effluent
remained the same atpH 5.5.

The Thomas modelsatisfactorily simulated the breakthroughcurvesobtained for single
as well as mixed metals system s (R2 = 0.86-1.00) (Table 4). The experimental breakthrough

curves and Thomas model simulation fits to the data are shown in Figs. 4 and 5. The values
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obtained for adsorption capacities (qo,) from the models are approximately equal to those

calculated from the breakthrough curves (q¢). Both the model and breakthrough values were

higher for each metalin the single metal system than in the mixed metals system . This is due

to the com petitive adsorption behaviour of the metals in the mixed metals system . Another

reason is that adsorption in single metal system was conducted ata higher pH (pH 6) than in

the mixed metalssystem (pH 5). M etalsadsorptioncapacitiesare higher athigherpHs (Fig.3).

Lower adsorption capacities for metals in this system com pared to the single metals system

were also reported for heavy metals adsorption on other adsorbents (Nguyen et al. 2015;

Sounthararajah et al. 2015). The column adsorption capacities were slightly lower than the

respective Langmuiradsorptioncapacitiesobtained from the batch study for furnace slag (Tahble

3). Nguyen et al. (2015) also reported lower column values than batch values for heavy metals

adsorption on zeolite and iron-coated zeolite. They offered two reasons for this: firstly,

adsorption did not attain equilibrium in the column study in contrastto thatin the batch study;

and secondly,the column adsorption was calculated ata lower metalconcentrationsinthe feed

solution compared to higher metal concentrations in the batch study at which Langmuir

adsorption maximawere calculated.

Conclusions

The study showed that the industrial by-products, fly ash and blast furnace slag are effective

low-cost adsorbents for the removalof Pb, Cu, Cd, Cr, and Zn from water. The effectiveness

of adsorption increased with pH, reaching maximum adsorption at pH 6-7. Equilibrium

adsorption of allmetalsatpH 6.5 can be successfully modelled using the Langmuir,Freundlich

and Dubinin-Radushkevich models, of which the Freundlich model fitted the data the best. The

adsorption capacity for the metals for fly ash was in the order: Pb, Cu > Cd, Zn, Cr, whereas
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for furnace slag itwas Pb, Cu,Cd > Cr, Zn.

The column study on furnace slag revealed thatthe metals’ adsorption capacities were

generally less in the mixed metals system than in the single metals system , probably due to

com petitive adsorption of metals in the mixed metals system . The column adsorption data for

both the single metal system and mixed metals system fitted well to the Thomas model. This

model’sprediction of adsorption capacity in the single metalsystem was highestforPb and Cu

in the single metalsystem and Pb and Cd in the mixed metalssystem.
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Table 1. The chemicalcomposition (% ) of fly ash and furnace slag (D ata provided by the

Suppliers)

M nO Fe,0 3 A|203 S|02 CaoO MgO Cr,03 Other
Fly ash - 1.26 25.90 56.04 2.20 0.94 - 13.66
Furnace slag 3.29 28.83 0.18 22.33 32.73 10.00 0.20 2.44
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Table 2. M etalhydroxides solubility products and firsthydrolysisconstants

Solubility productof metal Firsthydrolysis

M etal Reference
hydroxides (pKso) constant (pK)
Zn 16.5 8.96 W alkeretal. (2012)
Cu 19.3 7.96 Rao (2011)
Ccd 14.4 10.08 Barnum (1983)
Pb 19.9 7.71 Baes and Mesmer (1976)
Cr 12.4° 4017 *Lopez—GonzaIez etal. (2010)

*

*Ragai etal. (1991)

21



Table 3. Adsorption isotherm parameters for heavy metalsadsorptionon fly ash (FA) and

furnace slag (FS)

FA

FS

Langmuir

Freundlich

Dubinin-Radushkevick

M etals O max KL Ke(magl/g) Am p
R’ n R’ R’
(mglg) (L/im g) L/mg)'" (mg/g) (mol’/ki?)
cd 3.78 0.86 8906 .86 1.44 9670 2.03 4x10° 8069
cr 3.53 0.73 9172 .90 1.26 9754 1.63 3x10° 6871
cu 4.49 0.44 8843 60 1.19 9916 1.94 6 x 10° 7721
Pb 5.11 0.42 9091 46 1.33 9804 2.32 7 x10° 8349
Zn 3.40 0.62 8714 67 1.13 9435 2.86 6 x 10° 5761
cd 5.05 0.44 7939 58 1.37 9549 1.92 4x10° 6766
cr 4.83 0.47 9023 51 1.33 9075 2.06 5x10° 7647
cu 5.22 0.68 9773 62 1.77 9890 2.62 5x 10° 8670
Pb 4.93 0.86 8999 .80 1.83 9925 2.54 3x 10" 8527
Zn 4.26 0.78 8960 99 1.53 9806 1.92 2 x10° 6922

Qmax:Mmaximum amountof the adsorbate (heavy metal)perunitweightof the adsorbent (mg/g);

KL:

qm:

Langmuir constants; K¢ (related to the adsorption capacity)and n: Freundlich constants;

the monolayer adsorption capacity; B: activity coefficient; R

22
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Table 4. Breakthrough adsorption capacitiesand Thomas model parameters (Nguyen etal.

2015) for furnace slag column adsorptionof heavy metals (HM ) from single (pH 6.0) and

mixed metalssolution (pH 5.0)

Individual metal M etals mixture
Breakthrough Breakthrough
HM adsorption go Ktn adsorption go Ktn
R’ R

capacity (mg/g) (mL/min.mg) capacity (mg/g) (mL/min.mg)

de(mg/g) de(mg/g)
Pb 4.05 3.52 1.54 0.9761 2.31 2.12 0.62 .9587
cd 3.68 3.47 1.56 0.9508 2.16 1.94 0.76 8613
Cu 4.11 3.47 1.54 0.9063 1.67 1.17 0.94 9118
Zn 3.73 3.46 1.60 0.9058 1.86 1.07 1.08 9955
Cr 3.55 3.43 2.08 0.9413 1.62 1.39 0.82 9572

g.: breakthrough adsorption capacity (mg/g),

go: Thomas adsorption capacity (mg/g), Kty: Thomas rate constant (mL/min.mg)
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Figure 1. XRD patternsof (a) fly ash and (b) furnace slag

24



(XX s XX

0
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Figure 1. Effectof pH on the adsorptionof heavy metalsby (a) fly ash (FA) and (b)

furnace slag (FS)
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Figure 5. Breakthrough curves (solid circle)and Thomas model (solid line) simulation for

heavy metalsadsorption in furnace slag + sand column in the mixed metalssystem atinfluent

pH 5.0. EffluentpH also shown (open circle).
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