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ABSTRACT: Filter cake is one of the main waste products of zinc processing industries
and it contains a high amount of toxic heavy metals. In this research in order to reduce
heavy metals leachability in filter cake, Portland cement, natural pozzolan, diammonium
phosphate (DAP), triple superphosphate (TSP), lime, zinc oxide and ground granulated
blast furnace slag (GGBFS) have been used. This research’s results suggest that even
though leachability of lead in the filter cake is quite low, it should be noted that limestone
doubles the solubility level of Pb due to the mineralogical nature of the waste, by
converting its sulphate form (PbSQO,) to its carbonate form (PbCQOj), which is more
soluble. TSP was the only additive capable of reducing the leachability of metal elements
in the filter cake as well as stabilizing the amounts of Pb and Cd in TCLP extracts within
the limit. Although all additives were able to reduce Cd leachability, TSP and ZnO had
the most remarkable efficiency. According to XRD results, the main factor in lead
stabilization using TSP was a reduction in the amount of PbSO, (with high Ksp) and an
increase in PbS (with low Ksp), which ultimately reduced lead leachability. The Pozzolan
which was used for the first time as a stabilizer demonstrated a good performance in
reducing the leachability of Cd, Ni and Cu. In addition, due to the pseudo-cementitious
properties of Pozzolan, it can reduce leachability of metal elements, along with other

additives such as cement, by increasing the solidification efficiency.
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INTRODUCTION

Unfortunately, heavy metals in the soil last
for a long time despite organic pollutants,
since they cannot be destroyed and are
merely relocated from one point to another
(Kumpiene et al, 2008). The
bioavailability and mobility of substantial
fractions of metals in the soil may cause
biotoxicity, accumulation, and transport in
long-term metal deposition (Adriano et al.,
2004). Nevertheless, remediating soils
which are polluted by heavy metals is a
necessity, considering their human and
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eco-toxicity (Yu et al., 2017). Zinc leaching
industries produce three types of solid
wastes during their process, namely
leaching filter cake (leach cake), hot Filter
cake (cobalt cake) and cold filter cake
(nickel cake). Each of these wastes has
high amounts of heavy metals. During the
waste disposal’s process of heavy metals
containing solids, the released contaminants
would heavily pollute the environment’s Water
and soil if not treated properly (Karbassi et
al., 2014; Nassrabadi et al., 2010a;
Nassrabadi et al., 2010b). There are several
methods to remove or remediate heavy
metals from contaminated soils. These
methods include Landfilling (removal and
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burial of contaminated soils at specific
locations), soil washing, immobilization
(chemical stabilization or fixation) and
solidification/solidification of contaminated
soil or heavy metal polluted waste (Yao et
al., 2012). In order to reduce the mobility of
heavy metals, contaminated soils or
polluted waste must be chemically
stabilized. The less mobile contents formed
through stabilization demonstrate a low
bioavailability and are less accessible to
plants. The relatively high efficiency as
well as the economic cost of the
stabilization agents makes them a better
option in comparison with other methods
(Uzinger & Anton, 2008). In order to reduce
heavy metal mobility and ensure chemical
stabilization, many different additives such
as lime (Modarres & Nosoudy, 2015),
phosphate based materials like DAP (Basta
& McGaven, 2004), TSP (Chen et al. 2008;
Cao et al. 2008) metal oxides (Derghazarian,
2010), Portland cement (Volgar and Lestan,
2010), lime and GGBFS (Shirdam et al.,
2017) and egg shells as a source of calcium
carbonate (Ashrafi et al., 2015) have been
used. Cement additives have also been
used as a stabilizing agent in many
different studies (Tang et al., 2016; Song et
al., 2013; Patel & Pandey, 2012). The
results of these researches indicate that
cement is effective in two processes, one
as a stabilizing agent and the other as a
solidifying agent (physical stabilizer).
Because of cement’s high potential to
increase the mechanical strength of the
wastes, it has been used as a physical
stabilizing agent in many cases. In this
regard, VVolgar and Lestan used Portland
cement (7, 10, 15 and 20% w/w) with the
objective to stabilize lead, cadmium,
zinc, and copper in contaminated soils.
As their results demonstrated, the
increase in the cement/soil weight ratio
enhanced the mechanical strength of the
waste and caused a decrease in the TCLP
extractable heavy metals (Volgar &
Lesten, 2010). In other cases, cement was
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used as a chemical stabilizing agent and
in low quantities (less than 10% by
weight). As an example, Abdel-Kader et
al. 2013, used 1 and 2 percent by weight
of cement. They realized that this
additive in such low quantities can
reduce the solubility of lead and
cadmium through the surface adsorption
process (Abdel-Kader et al, 2013). Basta
and McGowan also tested the effects of
phosphate additives, including DAP. They
believed the reason for reduction of lead
solubility is the formation of a very stable
chemical substance called
Hydroxylpyromorphite (Basta & McGaven,
2004). This study identify and evaluate
efficient and cost effective additives (such
as cementitious additives), with a fast and
durable effect in order to stabilize heavy
metals in the produced filtered cakes in
zinc industries.

MATERIALS & METHODS

The solid waste used in this research was a
by-product of zinc industries and was
brought to the lab from one of the zinc
processing facilities in Zanjan province in
Iran. The physicochemical properties of the
examined filter cake are presented in Table
1. —In order to evaluate the efficiency of
each additive regarding the leachability of
the metals in the filter cake, cement (3, 6
and 9 wt%), natural pozzolan (3 and 6
wt%), diammonium phosphate (2.5 wt%),
triple superphosphate (2.5 wt%), lime (10
wt%), zinc oxide (10 wt%) and ground
granulated blast furnace slag (10 wt%)
were mixed with the filter cake. The metal
oxides of the filter cake and the additives
were measured using XRF analysis, and
the results are presented in Table 2. The
three samples were prepared for each
mixing plan. A control sample was also
prepared without any additives to compare
the results. Moreover, a blank sample was
used in order to ensure the quality of the
experiment (Table 3). Selected additives
were added to each sample (200gr)
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separately. After 28 days of curation, the
samples were ready for TCLP extraction
procedure. TCLP or “Toxicity
Characteristic Leaching Procedure” is a
test to determine the mobility of
contaminants in solid wastes or soils. This
test method which is represented by
USEPA has been used to evaluate the
stabilization efficiency in many studies
(Ganjidost et al., 2009; Basta & McGowen,
2004). The equipment used in this
extraction method consisted of a rotary
agitation device, capable of rotating at
30 £ 2 rpm for 18 £ 2 hours, extraction
bottles made of high  density
polyethylene, a pH meter with an
accuracy of 0.05 1 and a magnetic
stirrer. The chemicals used to prepare the
extraction fluids were deionized water,
hydrochloric acid (N1), nitric acid (N1),
sodium hydroxide (N1), and glacial
acetic acid (USEPA Method 1311).

After 28 days of curing, the samples
were reduced in diameter to 9.5mm per
particle. Then, the extraction fluid
assigned to each sample in the previous
step (extraction fluid #1 and #2) was
mixed with the sample by a weight
ratio of 20:1 (solution: waste sample)
and the samples were rotated for 18
hours on a rotary agitation device at a
speed of 31 rpm. The extracts were
then filtered through a 0.45-micron
fiberglass filter in order to remove the
suspended particles (EPA Method 1311).
In the next step, the concentrations of
Cd, Co, Mn, Fe, Ni, Cu, Pb and Zn in
the filtered extracts were determined
using an atomic absorption apparatus
(FAAS, Varian AA240) according to
the USEPA 7000B method. Each
extraction was performed three times
and the average values were reported to
ensure data repeatability (USEPA,
2007). In order to measure the heavy
metal contents of the filter cake, first, the
sample was acid digested (according to
USEPA 3050B) and then analysed using
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an atomic absorption spectrophotometer
(USEPA 7000B). In order to determine
chemical properties of different additives
and—the filter cake, XRF analysis was
used (SIEMENS SRS3000). Also, XRD
analysis was used to identify the various
minerals present in the filter cake and the
sample treated with TSP. XRF and AAS
analysis had been performed in
laboratory of Research and Engineering
Company for Non Ferrous Metals
(RECo.). Also, XRD analysis had been
carried out at the XRD laboratory of
School of Mining Engineering, College of
Engineering, University of Tehran.

RESULTS AND DISCUSSION

The concentrations of Cd, Co, Mn, Fe,
Ni, Cu and Zn in the TCLP extracts are
represented in Table 3. The leachability
of metals in the waste was obtained by
comparing the total amount of each
metal in the filter cake with its
concentration in the TCLP extract.
TCLP extractable ratios are presented in
Table 4. Although the concentration of
Cd and Pb in the TCLP extract exceeded
the TCLP regularity limits (USEPA,
2005), as demonstrated in Table 4, the
leachability of Pb in the filter cake is
very low. The effects of each additive on
the leachability of Cd, Zn, Ni, Co, Pb,
and Cu are presented in Figures 1 to 6.
Among all additives, TSP and ZnO
treatments caused the greatest reduction
in TCLP extractable Pb and Cd and were
able to reduce the concentration of Cd
and Pb to below the TCLP regularity
limits. A detailed interpretation of the
effects of each additive on the
leachability of metals in the filter cake is
presented in the following sections.

Also, Table 5 and Figure 7 represent,
respectively, the XRD results related to the
un-stabilized filter cake (control sample)
as well as the TSP results related to the
stabilized filter cake, which demonstrated
the best stabilization efficiency.
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Table 1. The physicochemical properties of the examined filter cake

Heavy metal (total) Oxides (%) Other parameters
Cu (ppm) 134 SO, 27.99 pH 5.86
Mn (%) 0.14 Sio, 19.7 w (%) 35
Fe (%) 3.87 CaO 17.14 LL & PL (%) 0
Pb (%) 4.7 Zno 6.86 (%) <2um 0
Cd (ppm) 229 Al,O; 4.87 (%) <75pum 88
Co (ppm) 172 Na,O 4.66 75um-4.75mm (%) 12
Ni (ppm) 121 MgO 1.71 v (KN/m?) 174
Zn (%) 2.25 K,0 0.91 luscs ML
TiO, 0.46 2USDA SILT

Unified Soil Classification System
2United States Department of Agriculture

Table 2. The chemical composition of different additives based on XRF (X-Ray Fluorescence) analysis.

Materials AlLO; SiO, Fe,0O; CaO Zn0O TiO, MgO Na,0O K,0O SO,
Lime 0.69 1.2 0.12 71.24 - <0.1 0.53 <0.1 <01 -
Portland Cement 4,97 21.52 4.05 63.77 - - 1.72 0.2 0.69 2.3
GGBFS 9.5 36 0.6 37 - 35 10.8 0.45 0.6 -
Pozzolan 17 60.8 3.40 3.50 - 0.49 2.50 3.90 2.31 -
ZnO 0.008 0.6 0.12 0.001 93.22 0.006 0.098 2.58 0.83 1.197

Table 3. The concentration of TCLP extractable heavy metals in the filter cake (mg/I)

TCLP extractable heavy metals Above the
TCLP
Mix Design Cd Co Mn Fe Ni Cu Pb  Zn regularity
limit
TCLP Threshold (USEPA 2005) 1 - - - - 5 -

FC (Filter Cake :Control) 6.05 0.66 9 ND 082 022 259 487 Cd-Pb
FC + Cement (3%) 408 036 29 ND 06 ND 82 279 Cd-Pb
FC + Cement (6%) 56 072 84 ND 12 09 742 472 Cd-Pb
FC + Cement (9%) 425 084 805 ND 074 ND 116 392 Cd-Pb
FC + Pozzolan (3%) 3.4 1.07 136 ND 07 ND 293 878 Cd-Pb
FC + Pozzolan (6%) 4.1 097 114 ND 08 ND 264 539 Cd-Pb
FC + Lime (10%) 5 1 965 ND 094 026 486 501 Cd-Pb
FC + DAP (2.5%) 4.7 043 55 ND 077 03 289 434 Cd-Pb

FC + TSP (2.5%) 202 034 42 ND 088 015 0.5 176
FC + ZnO (10%) 15 047 75 ND 043 ND 308 2494 Pb
FC + GGBFS (10%) 3.2 065 120 ND 054 ND 39.7 319 Cd-Pb

* TSP and ZnO was able to reduce the concentration of TCLP extractable Cd to its TCLP regularity limit.

Table 4. Heavy metals leachability in the filter cake (%0)

Heavy metal Heavy me;al The concentration Heavy metals
Heavy L concentration of TCLP A
concentration in the . . leachability in the
metal filter cake (mg/kg) (mg/kg) in the filter  extractable heavy filter cake (%6)
cake/ 20" metals (mg/I)

Cd 229 115 6 52

Zn 22500 1125 487 43

Ni 121 6.05 0.8 13

Mn 1400 70 9 12.9

Co 172 8.6 0.65 7.6

Pb 47000 2350 25.9 1.1

'Due to the fact that in the TCLP extraction process, the ratio of the waste to extraction fluid was 1 to 20. Therefore, in order
for these two to be comparable, the metals concentration in the waste must be divisible by 20.
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list of different compounds, identified by X-ray Diffraction Analysis in the control sample
filter cake and the filter cake stabilized with TSP.

Name of the filter cake Filter cake stabilized

Chemical formula

mineral/phase (%) with TSP (%)

Bassanite,syn CaS0,-0.5H,0 46.2 -

Gypsum, syn CaS0,4-2H,0

31.2

Quartz,syn SiO, 18.5 20.4
Ilite, trioctahedral KO0.5(Al,Fe,Mg);(Si,Al)4,010(OH), 11.6 -
Montmorillonite (Na,Ca)0.3(Al,MQg),Si,0,0(0OH),Nh,0 10.5

llite-2 ITM

1RG (K,H30)Al,Si;AI01,(OH), - 17.4

Montmorillonite Al,Si,Og(0OH), - 9.5
Kaolinite-1 ITA RG Al,Si,05(0H), - 8.2
Sphalerite ZnS 2.6 55

Galena

PbS 2.7 4.3

Anglesite,syn PbSO, 5.8 3.4
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the filter cake stabilized with TSP.

531



Shirdam, R., et al.

The role of lime in the immobilization
of heavy metals is that by increasing the
pH level, the leachability of metal
cations decreases (Gray et al. 2006). In
this study, lime in 10 wt% increased the
leachability of most of the heavy metals
in the filter cake, especially lead.
Therefore, lime in this particular dosage
is not an appropriate immobilization
agent for the filter cake. Lime increased
Co, Ni, Cu, and Pb concentrations in the
TCLP extract by 51, 14, 18 and 87
percent respectively but it could also
reduce Cd leachability by 18% compared
to the control sample. A similar
stabilizing effect of lime on the EDTA
extractable heavy metals in filter cake
was previously observed by Shirdam et
al. in 2016. It was concluded that using
lime as an immobilization agent in 10 wt.
% (with 3% Red mud) can reduce the
leachability of most metals in the filter
cake. However, it had a negative effect
on the leachability of lead and increased
its leachability by 90% compared to the
control sample (Shirdam et al., 2016). On
the other hand, the results of the XRD
analysis of control and lime-stabilized

samples (figure 8) indicate that in the
presence of lime, the relatively stable
sulphate form of lead (PbSQ,4) converts
to carbonaceous form, which has a
higher solubility. Also, Brown et al. in
2005 demonstrated that the use of lime
does not cause a significant decrease in
the amount of lead compared with the
control sample (Brown et al. in 2005. It
needs to be pointed out that the
stabilization performance of lead via
lime depends on the type of minerals and
the acidity of the waste (Brown et al.
2005).

Heavy metals immobilization could
take place through three different
mechanisms, namely, chemical
incorporation (precipitation, co-
precipitation, and surface complexation),
sorption, and micro-encapsulation (Chen
et al. 2008). Generally, increasing the
cement/waste dosage will in turn boost
the immobilization efficiency of cement.
This could take place because the
cement-based material can enhance the
compressive strength of the waste and
turn the process of immobilization into
that of solidification (Voglar & Lestan.

Lin (Counts)

Fig. 8. Comparison of the un-stabilized filter cake’s XRD spectra (control sample: T0) with 10% lime
stabilized filter cake (sample T7) (Shirdam et al., 2017).
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2010). In the present study, cement
efficiency was evaluated merely as a
chemical stabilization agent which was
applied to the filter cake at 3, 6 and 9 wit.
%. The results presented in Figures 1 to 6
demonstrate that there is a reverse
correlation between cement dosage and
heavy metals immobilization efficiency,
in a way that increasing cement from 3 to
9 wt. % caused an increase in the heavy
metals released in the extract, with the
most effective treatment being at 3 % wt.
(Figure 9). It is worth noting that Abdel-
Kader concluded that cement in low
weight percentages (1 and 2 wt. %) has a
good effect on reducing the leachability
of lead, cadmium, and cobalt (Abdel-
Kader et al. 2013). According to

80.0
60.0
40.0
20.0
0.0
-20.0
-40.0

Reduction of solubility (%)

-60.0
0 2 -

Ganjidoust et al. hydrating cement
products enhance the heavy metals
precipitation on the surfaces of their
particles. Lead and Cadmium were found
in stabilized forms of Ca,Pb,05(0OH)s,,
and CaCd(OH),, respectively (Ganjidoust
et al, 2009).

Lead solubility was enhanced as the
percentage of cement was increased from
3% to 6 and then to 9%. This behavior is
similar to the effect of lime on the increase
of lead solubility in the filter cake, and
might be due to the increase of CaO caused
by the higher cement percentage in the
filter cake. It must be stated that according
to Table 2, the amount of CaO in the
cement (64%) is approximately close to
that in the lime (71%).

—6—Cd
Co

—t—Mn
Ni

—— 7N

6 8 10

Portland Cement (%)

Fig. 9. Effects of Portland cement on heavy metals solubility in filter cake

Before this study, Natural pozzolan
has never been used as an
immobilization agent. According to the
results of this investigation, Pozzolan
demonstrated a dual behaviour in its
transaction with the heavy metals in the
filter cake. The use of Pozzolan reduced
the leachability of cadmium, nickel, and
copper in other hand, it increased the
leachability of cobalt, manganese, lead
and zinc metals. According to the
information provided in Table 4,
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cadmium was the most mobile element
in the filter cake, and consequently, the
combined utilization of this additive (as a
Cd immobilizer) with other additives
(with the aim of reducing the leachability
of other heavy metals) could prove
efficient for heavy metal immobilization.

Soluble phosphate sources offer a high
amount  of  solution phosphorus,
enhancing the efficiency of metal
phosphate mineral formation (Berti &
Cunningham, 1997; Khan & Jones, 2009;
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Ma et al., 1993). Metal phosphate minerals
adjust metal solubility in soil suspensions
in the presence of soluble phosphorus
(Santillian-Medrano & Jurinak, 1975).
Also, they cause the development of
heavy metal phosphate precipitates.

(McGowen et al. 2001; Khan & Jones,
2009; Triple Superphosphate (TSP) is one
of the phosphate fertilizers used in
agriculture. In the present study, TSP (at
2.5 wt. %) was the only additive which
could reduce the leachability of all metal
elements in the filter cake. The
leachability of Cd, Co, Mn, Cu, Pb, and
Zn decreased by about 66, 48, 53, 32, 98
and 64%, respectively. Also, TSP was the
only additive that was able to reduce Pb
and Cd concentrations in the TCLP
extracts of the filter cake blow to their
TCLP regularity limits. The results of the
XRD analysis indicate that TSP could
reduce lead mobility by converting
PbSO4 (Ksp = 1.6 x10°®) into PbS (Ksp =
4.4x10%%), which has a very low
solubility. In a similar study conducted by
Brown et al (2005), the TSP additive (at 2
wt. %) caused a reduction in lead,
cadmium and zinc solubility by 99, 95%
and 96%, respectively. The high
efficiency of TSP in the immobilization
of heavy metals in the waste could be due
to the low acidity of the Filter Cake (pH=
5.86) considering that phosphate additives
have better performance at lower pH
levels (Chen et al. 2008; Cao et al. 2008).

Using DAP in the filter cake caused a
reduction in the leachability of cadmium,
cobalt, manganese and zinc by about 22,
35, 39 and 11%, respectively. On the
other hand, it increased the solubility of
lead and copper in the waste by 12 and
36%, respectively. The results of a
similar study by Basta and McGaven in
2004 on using DAP as an immobilization
agent (in 1 and 9 wt. %) indicate that
DAP can also reduce Cd leachability by
56 and 99%, respectively (Basta &
McGaven, 2004).
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This additive demonstrated a relatively
good performance in reducing the
leachability of cobalt, nickel, manganese
and especially cadmium in the filter cake,
by 28, 47, 16 and 75% respectively. It is
noteworthy that zinc oxide had the best
performance among all additives in
reducing cadmium leachability in the filter
cake. Due to the high solubility of
cadmium, the combined utilization of ZnO
(as a Cd immobilizer) with other additives
(for reducing the leachability of other heavy
metals) could be highly efficient for heavy
metal immobilization. Obviously, the use of
lower percentages of this additive (2 to 3%)
in cadmium stabilization prevents zinc
increase in the filter cake extract.

The furnace slag in the amount of 10
wt% in the filter cake reduced the
leachability of Cd, Ni, Zn and Cu by 47,
34, 35 and 99%, respectively; however, it
increased the leachability of Pb by 54%
compared with the control sample.

CONCLUSION
The important results of this research are
as follows:

e Although the results indicate that
the concentration of Pb in the
extract exceeded the TCLP
regularity limits as presented in
Table 3, the leachability of Pb in
the filter cake was low and
presented a low risk (Table 4).

e Cd had the highest leachability in
comparison with other metal
elements in the filter cake, and on
the other hand, its concentration in
the filter cake’s TCLP extract was
higher than its TCLP regularity
limit (Img/l). Therefore, reducing
the leachability of Cd in the filter
Cake wusing additives was the
highest priority. Although all of the
additives (with no exception) could
reduce the leachability of Cd, ZnO
and TSP demonstrated the best
performance in this regard.
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e In the current study, TSP (2.5 wt.
%) was the only additive that
could reduce the leachability of
all the metal elements within the
filter cake. Moreover, it was the
only additive that could reduce
the leachability of two of the
toxic heavy metals (Pb and Cd) in
the filter cake to below their

TCLP regularity limits. The
results of XRD analysis indicate
that TSP could reduce lead

mobility by converting PbSO, (Ksp
= 1.6 x10®) into PbS (4.4x10°%),
which has a very low solubility.

e Lime as a stabilization agent for
the filter cake doubled the
concentration of Pb in the lime-
treated TCLP extract. The reason
could be that in the presence of
lime, the lead sulphate form
(PbSQO4), which has a relatively
low solubility, turned into the
carbonate form (PbCOs3), which is
more soluble.

e The Pozzolan which was used for
the first time as a stabilizer had a
high efficiency in the stabilization
of Cd, Ni, and Cu. Since Pozzolan
exhibits cementitious properties
in combination with CaO, it can
play the role of cement in the
stabilization and solidification
processes. Obviously, the use of
Pozzolan (for cement
replacement) can reduce the cost
of stabilization’s implementation.

e Present study suggests that
Portland cement in low amounts
demonstrated a better stabilization
efficiency.
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