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a b s t r a c t

This paper aims to investigate the six heavy metal levels (Cd, Cr, Cu, Pb, Ni and Zn) in municipal solid waste
(MSW) at different pHs. It intends to provide the baseline information of metals solubility in MSW co-
disposed or co-digested with MSW incinerator ashes in landfill or anaerobic bioreactors or heavy metals
contaminated in anaerobic digesters. One milliliter (equal to 1 mg) of each metal was added to the 100 ml
MSW and the batch reactor test was carried out. The results showed that higher HNO3 and NaOH were
eywords:
eavy metals
SW

H
dsorption
artitioning

consumed at extreme pH of 1 and 13 compared to those from pH 2 to 11 due to the comparably higher
buffer capacity. Pb was found to have the least soluble level, highest metal adsorption (%) and highest
partitioning Kd (l g−1) between pH 3 and 12. In contrast, Ni showed the highest soluble level, lowest metal
adsorption (%) and lowest Kd (l g−1) between pH 4 and 12. Except Ni and Cr, other four metals seemed
to show the amphibious properties as comparative higher solubility was found in the acidic and basic
conditions.
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. Introduction

Municipal solid waste (MSW) has been mostly treated with
ncineration accompanying with partly landfill disposal in Taiwan.

SW incinerator (MSWI) has the advantage of reducing MSW
eight and volume while gaining the steam and energy recovery.
owever, residues such as bottom and fly ash generated in the

ncineration process still remain an environmental problem and
eed further treatment to prevent secondary pollution. Residues
ave been reused in several purposes such as aggregate, back-
ll, soil amendment and geotechnical application [1–6]. However,
sing residues as landfill cover have been a potential and partic-
larly an aggressive option for fly ash. Specifically, the released

eavy metals in the co-disposal or co-digestion process may affect
he landfill and anaerobic bioreactors performance [7–15]. Fur-
her, released heavy metals and other hazardous materials have
he potential to cause risk to human health and the ecological envi-

∗ Corresponding author. Tel.: +886 4 2332 3000x4469; fax: +886 4 23742365.
E-mail address: hmlo@cyut.edu.tw (H.M. Lo).
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onment [16–20]. Therefore, heavy metal release and distribution
n MSW is the key concern in landfill or anaerobic digester co-
isposing or co-digesting MSW with MSWI ash or MSW anaerobic
ioreactor containing possibly influential levels of heavy met-
ls.

Metal levels and uptake in different media such as soil, sludge,
orest, river, MSW, leachate, groundwater and landfill, etc. were
eported by several researchers [21–34]. Partitioning of metals in
ifferent media, pH and organic matter was also investigated and

ts potential effects on the environment were presented. How-
ver, research regarding heavy metals distribution in MSW at
ifferent pHs was few [27,28]. Lo and Liao [7] and Lo [8] have
resented the likely metal release in MSW co-disposed or co-
igested with MSWI ash. In these reports, more than 30 metals

ons were found in the released leachate. Thus, the effect of
ndividual metal on the MSW digestion needs to be understood
ecause of the possible synergistic or antagonistic effect by mixed

etals. Therefore, this study aims to investigate the individual
etal addition and its adsorption and solubility in MSW particu-

arly focusing on the six heavy metals that may provide baseline
nformation for MSW digestion in landfill or anaerobic bioreac-
or.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hmlo@cyut.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.03.119
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. Materials and methods

.1. MSW and metal stock solution

This study aims to investigate the heavy metals adsorption and
olubility in MSW. Thus, synthetic MSW typical of organic fraction
as made with office paper (30%), newspaper (35%), hay (30%) and

ood waste (5%). Chemical constituents of C, H, O, N, etc. was ana-
yzed by elemental analyzer (elementar vario EL III) and was found
o be approximately ∼46, ∼6, ∼41, ∼1.4 and ∼5.6%, respectively. In
rder to obtain the results quickly and without interference, MSW
f dry basis was cut into pieces of ∼5 mm and was blended with
istilled water to get a high water content of total solid (TS) 6% of
SW. This TS content is typical of MSW treatment of anaerobic

ioreactor [35,36] or similar to landfill sites with saturated water
ontent that is easily for metal ions diffusion and microbial attack.

The added six heavy metals stock solution of 1000 mg l−1 were
urchased from Merck Com. In these levels, 1 ml solution is equal
o 1 mg metal content.

.2. Experimental

This study aims to investigate the pH effect on the solubility of
dded heavy metals in MSW. The total content of added heavy met-
ls of Cd, Cr, Cu, Ni, Pb and Zn was 1 ml (1 ml equal to 1 mg). One
illiliter metal solution was added into 100 ml MSW substrate in

00 ml beaker leading to a total level of 10 mg l−1. Thereafter, NaOH
r HNO3 with different normality was added and stirred completely
ith MSW to adjust the pH from 1 to 13. The pHs in MSW sus-
ension were occasionally measured with a pH meter (pH330i) to
nsure the desired exact pH values. The blank pH of MSW sus-
ension without metal addition was measured to be 6.77 ± 0.21.
he added quantity in mequiv. H+ or mequiv. OH− was recorded
nd plotted as a function of pH. Further, MSW substrate in each
eaker with adjusted different pH was filtered by 0.45 �m filter
embrane with vacuum pump and the filtrate was analyzed with

CP-OES (Thermal Electron Corp.). Soluble and calculated adsorbed
etals in MSW substrate versus pH were plotted. Similarly, con-

rol batch reactor test without metal addition was carried out for
omparison.

.3. Theoretical definition

In theory, metal hydroxides formation can be described as fol-
ows [24]:

z+ + n(OH)−1 = Mz(OH)n
(z−n) (1)

Mz(OH)n
(z−n)] = ˇ(OH)n[OH−1][Mz+], n = 1, 2, . . . (2)

here Mz(OH)n
(z−n) and Mz+ are metal hydroxide and free metal

on, respectively; ˇ(OH)n is overall formation constant for metal
ydroxide and n is the number of hydroxide ions associated with
ach metal ion.

In addition, solubility of metal oxides and hydroxides can be
escribed as follows [21]:

[Mz+] = −log[Mz+] = −log cKso − zpKw + zpH (3)

Kso = [Mz+][OH−]z (4)
here Mz+ is free metal ion and cKso is conventional solubility prod-
ct based on the levels of individual metal ion.

The above equations can be used to predict the free metal level
nd checked with experimental data analyzed by ICP-OES. How-
ver, metal adsorption (surface complex formation) onto MSW can

s
t
t
h
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e calculated by the following definition:

adsorbed (%) = Mtotal − Msolubility

Mtotal
× 100 (5)

here Madsorbed (%) is the adsorbed metal (%), Mtotal is the total metal
ontent within MSW volume (mg l−1) and Msolubility is the metal
olubility (metal ion levels) in MSW (mg l−1). This definition is gen-
ral and similar to R = {SOM+}/MT derived by Wang et al. [23,24],
here R, SOM+ and MT are ratios of adsorbed metal, metal–sludge

metal–MSW in this study) complex and total metal concentrations,
espectively. MT is the summation of adsorbed metal and free metal
on (Mz+).

Other expression of metal binding in mg g−1 TS can be calculated
s below:

adsorbed(mg/g TS) = (Mtotal − Msolubility) × V

TSMSW
(6)

here Madsorbed (mg/g TS) is the adsorbed metal in MSW (mg g−1

S), Mtotal is the total metal content within MSW volume (mg l−1),
solubility is the metal solubility (metal ions levels) in MSW (mg l−1),
is the working volume of MSW (l) and TSMSW is total solid (TS) of
SW (g).
Through metal adsorption and free metal ions, metal partition-

ng can be evaluated by Kd coefficient (l kg−1) which is the ratio of
etal adsorption in solid phase such as soil over the concentration

n soil solution [25]. Kd coefficient can be used in the similar con-
ition with the replacement of soil by sludge or MSW and can be
xpressed as follow:

d = Madsorbed(mg/g TS)

Msolubility(mg/l)
(7)

here Madsorbed (mg/g TS) is the adsorbed metal in MSW (mg g−1 TS)
nd Msolubility (mg/l) is the metal solubility in MSW (mg l−1).

Using the above equations and definitions, metal solubility,
etal adsorption and Kd values in MSW over different pHs can be

btained.

. Results and discussion

.1. Acids or base addition as a function of pH

In this study, MSW with high water content (94%) similar to
ludge (TS 6%) was used for batch reactor test by adding different
uantity of NaOH or HNO3. The results showed that pH increased
s NaOH addition increased and pH decreased as HNO3 addition
ncreased. HNO3 addition as mequiv. H+ l−1 from pH 7 to 2 was
ound to increase linearly from 0 to ∼30–60 for six heavy met-
ls, respectively. In a similar way, NaOH added batch reactors from
H 7 to 12 increased from 0 to ∼40–90 mequiv. OH− l−1 for six
eavy metals, respectively. These trends are shown in Fig. 1. In addi-
ion, it is noted that HNO3 or NaOH addition were found higher at
xtreme pH 1 and 13 than that at pH between 2 and 12 shown
n Fig. 2. In particular, HNO3 of ∼320 mequiv. H+ l−1 and NaOH of
620 mequiv. OH− l−1 were added to reach pH 1 and pH 13 for Pb
nd Zn and Cd, respectively. These phenomena were due to the
igher buffer capacity (ˇ = dV/d pH or d mequiv./d pH) found in the
xtreme pHs similar to the investigation [37].

.2. Heavy metals solubility
Six heavy metals concentrations in MSW with metal addition
howed that Cu, Zn, Pb and Cd had amphibious properties while
hat of Cr and Ni was not significant (Fig. 3). Metal levels appeared
o increase as pH decreased. Soluble levels of Ni ion were found the
ighest while those of Pb ions were found the least as compared to
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Fig. 1. HNO3 (mequiv. H+ l−1) or NaOH (mequiv. OH− l−1) needed to reach the pHs
from 2 to 12 (Cd: �; Cr: �; Cu: �; Ni: ×; Pb: ; Zn: �; control: +).
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Fig. 4. Six heavy metal ions levels in MSW substrate at different pHs without metal
addition (Cd: �; Cr: �; Cu: �; Ni: ×; Pb: ; Zn: �).
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ig. 2. HNO3 (mequiv. H+ l−1) or NaOH (mequiv. OH− l−1) needed to reach the pHs
rom 1 to 13 (Cd: �; Cr: �; Cu: �; Ni: ×; Pb: ; Zn: �; control: +).

ther four heavy metals from pH 4 to 12. At extreme pH 1, Zn, Pb and
d ions showed higher levels than those of Ni, Cu and Cr. However,
u, Ni and Zn ions levels were found higher compared to those of Pb,
d and Cr at extreme pH 13. Metal ions levels showed the order of
i > Cu > Cr > Zn > Cd > Pb between pH 8 and 12. In other pH ranges,
etal ions varied with pH as can been seen in Fig. 3. Results also

ndicated that Ni ion was the least adsorbable metal. This result was
imilar to the findings by Wang et al. [23].

Six heavy metals ion levels in MSW without metal addition
howed the amphibious properties as listed in Fig. 4. Zn and Pb

ons appeared to have higher levels compared to other four heavy

etals. Higher levels of Zn and Pb ions might come from the MSW
omponent that contained a comparatively higher content. In addi-
ion, Zn and Pb seemed to show a very similar concentration trend
n MSW for both with and without metal addition.

ig. 3. Six heavy metal ions levels in MSW substrate at different pHs with 10 mg l−1

ddition of individual metal (Cd: �; Cr: �; Cu: �; Ni: ×; Pb: ; Zn: �).
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ig. 5. The adsorption ratios (%) of six heavy metals at different pHs (Cd: �; Cr: �;
u: �; Ni: ×; Pb: ; Zn: �).

.3. Heavy metals adsorption

Metal adsorption appeared to show the complementary results
ith metal free ion level. Thus, the higher the Ni ion indicated

hat the lower the Ni adsorption in MSW (Fig. 5). Similarly, the
east Pb ion showed the highest adsorption ratio (%) among the six
eavy metals. This is because the total metal content added is 1 mg
10 mg l−1 in 100 ml MSW), then metal adsorbed in solid phase and

etal dissolved in liquid was maintained constant with mass bal-
nce (1 mg plus MSW background content). Therefore, the metal
ons concentration versus metal adsorption showed the comple-

entary trends. It was noted that metal adsorption ratios exceeded
round 60% for five metals for pH higher than 4 except for metal Ni.
i adsorption ratios were found lower between ∼30 and ∼60% for
ll pH ranges. In addition, Pb showed higher adsorption ratios more
han 90% between pH 3 and 13. In general, five heavy metals except
i showed higher adsorption ratios of more than 70% between pH 7
nd 12. Pb showed the highest adsorption higher than ∼0.19 mg g−1

S between pH 3 and 13 (Fig. 6). The adsorbed order of six heavy
etals was found to be Pb > Zn > Cd > Cr > Cu > Ni in the pH range

rom 7 to 12. The adsorbed metals increases as pH increased from
H 1 to 11. Metal adsorption of Cd, Cu, Pb and Zn showed a slightly
ecrease for pH from 12 to 13 indicating the amphibious properties
hat metal solubility increased as pH increased.

.4. Heavy metals partitioning
Pb showed the highest metal partitioning compared to other
ve heavy metals. Metal partitioning of Pb was found between
.003 and 1.711 l g−1. It was also noted that metal partitioning of six
eavy metals increased as pH increased particularly found in the
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ig. 6. The adsorbed metals (mg g−1 TS) of six heavy metals in MSW at different pHs
Cd: �; Cr: �; Cu: �; Ni: ×; Pb: ; Zn: �).

Hs higher than 7 (Fig. 7). However, Kd values showed a decrease
rom pH 12 to 13 except Cr. According to the Kd definition, higher

etal adsorption and lower metal solubility would cause the higher
etal partitioning. This leads the result that Pb had higher Kd val-

es than other five metals. Similar results were also found in Cd, Zn
nd Cr. These higher Kd values observed in higher pH was attributed
o the higher metal adsorption and lower metal solubility. Metal
dsorption versus metal solubility showed the different distribu-
ion patterns for six heavy metals. Pb and Zn were mostly found
o have similar distribution patterns with slightly wider adsorp-
ion versus lower solubility while that of Ni was found narrower
Fig. 8.). In addition, Cr and Cu showed the similar distribution
atterns.

.5. Summary and implication
Metal solubility, distribution and adsorption in different media
uch as soil, sludge, river sediment, ground water, leachate and
SW were investigated by several researchers. These researches

a
w
A
(

Fig. 8. The distribution patterns of adsorbed metals vs. metal ions levels of six hea
ig. 7. The Kd values of six heavy metals at different pHs (Cd: �; Cr: �; Cu: �; Ni: ×;
b: ; Zn: �).

ndicated that environmental factors such as pH, dissolved organic
atter, metals competition, adsorbent characteristics and the like
ight affect the metal adsorption [6,21,23–30,32]. In general,

igher pH showed higher metal adsorption and higher Kd [23,25].
etal adsorption also increased as the dissolved organic com-

ounds increased [28]. Metal distribution was affected by the
o-existing metals and different types of anions such as OH1−,
O3

2−, SO4
2−, Cl1−, NH3–H+, HCO3

1−, etc. [22,23,29,30,38]. Except
heoretical calculation, metal ion level can also be predicted by sev-
ral models such as MINTEQA2 and WHAM model database [28],
INEQL+ Chemical Equilibrium Program Version 3.0 [38], multi-

ariate regression [31], Langmuir and Freundlich model [33] and
he like.

Among the reported investigations, least adsorption of Ni [23]
greed with the results of this study. The results of Wang et

l. [23] showed that higher sludge concentration at different
astewater plants exerted comparatively higher metal adsorption.
dsorption of Pb (5–103.7 mg g−1), Cd (0.227–40.5 mg g−1) and Cu

2.95–32.15 mg g−1) by different adsorbents, pH and initial concen-

vy metals with 13 different pHs (Cd: �; Cr: �; Cu: �; Ni: ×; Pb: ; Zn: �).
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ration has been extensively reported [33]. The reported adsorbed
etals were found higher than this study indicating MSW adsorp-

ion capacity was lower than these adsorbents such as peat, red
ud, electric furnace slag and manganese nodules, etc. As expected,

nitial metal concentration (∼10–100 mg l−1) could affect the metal
dsorption [33]. This phenomenon revealed that metal adsorption
as found lower with initial metal levels of 10 mg l−1 in this inves-

igation compared to the report by Das and Jana [33]. Sorption
rder of maximum uptake of Cd > Pb > Ni > Cu by Foil et al. [34]
nd Fe > Zn > Cu > Ni > Cd by Erses et al. [27] also showed the dif-
erent results compared to this study of Pb > Zn ≈ Cr > Cd > Cu > Ni.

etal solubility and adsorption can also be affected by the stepwise
ormation constants [39] and functional groups such as carboxylic
cids [28]; sulfhydryl groups, amino, carboxylate, imidazole and
ydroxyl radicals of enzymes and other proteins [40]; amines, sul-
ate groups and carboxylic groups [41] and seven groups such as

ercapto groups, uptake inside bacterial cells, carboxlic groups,
hosphate and the like [42] therefore formed the different Kd val-
es for different metals at each different pH. It was further noted
hat metal could be adsorbed in dissolved organic matter such as
umic and fulvic acids [28] or solid matrix such as waste and sludge
23,27,34]. Thus, the metal adsorption constant (stability constant
f metal–matrix complex) and Kd value with detailed continuation
esearch could be used to explain the metal adsorption scenar-
os in different environmental conditions such as pH, dissolved
rganic matter, adsorbent characteristics, and metal ions competi-
ion. In addition, these results can provide the baseline information
f heavy metal levels for co-disposal or co-digestion process in
andfill or anaerobic digester.

. Conclusions

Soluble concentrations and adsorption of six heavy metals (Cd,
r, Cu, Pb, Ni and Zn) in MSW with different pHs were investi-
ated. Results showed that higher HNO3 and NaOH were needed
o reach to the extreme pH of 1 and 13 compared to that from
H 2 to 11 due to the comparable higher buffer capacity. Pb was
ound to have the least soluble level, highest metal adsorption (%)
nd highest partition Kd (l g−1) between pH 3 and 12. In contrast, Ni
howed the highest soluble concentration, lowest metal adsorption
%) and lowest Kd (l g−1) between pH 4 and 12. Results also showed
hat wider distribution patterns of metal adsorption versus soluble
oncentration were observed in Pb and Zn while that was found
arrower in Ni. Except for metal Ni, other five metals seemed to
how the amphibious properties as comparatively higher soluble
oncentration was found in the rather acidic and basic pHs.
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