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Abstract

In this paper we present a series of laboratory and field, pilot- scale applications of
attapulgite clay as an amendment for the stabilization of metals in contaminated soil
and sewage sludge. Attapulgite’s structure together with its fine particle size and fi-
brous habit are responsible for its high specific surface area and sorption proper-
ties. A pilot scale application of attapulgite clay as a binder for in situ stabilization
of toxic metals in contaminated land showed significant reduction in the water
leachable metal fraction (Cu: 17%, Pb: 50%, Zn: 45%, Cd: 41%, Ag: 46%, As:
18%, Mn.: 47%, Ba: 45%, Sb: 29%). In a second pilot scale environmental applica-
tion, an innovative attapulgite “Geosynthetic Reactive Clay - GRC” was designed
and developed for “capping” and “stabilization”of toxic metals in contaminated
soil. Also, laboratory scale experiments with fresh sewage sludge from a municipal
water treatment plant showed that addition of attapulgite clay in sludge, significant-
ly reduced the leachable concentrations of phenol, DOC, Hg, Cu, Mo, Pb, Se, As, Zn
and pathogen population over a 4 weeks observation period. The developed soil re-
mediation techniques are promising and cost-effective under present market condi-
tions. Concerning treatment of sewage sludge, attapulgite clay is an effective addi-
tive that could enhance the composting procedure creating an environmental added
value, final compost product.
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Mepidnyn

H gpyacia avtip mopovoidlel epyootnplokés kot mAOTIKEG TEPIPOAALOVIIKES EQOPUOYES
TOV OPVKTOD ATTOATOVAYITHG YIa. TH aTodEpOToinan UETAAADY G POTATUEVO. EOCPN KOL
o€ evepyn 140. H dounp tov artamovdyity o covOvooud e TH AETTOUEPY KOKKOUETPIO,
TOV Kail TOV IVOUOPPO TOTO KPVOTGAADY TOV ONULODPYODY UEYAAT EIOIKI] ETLPAVELD, YL
TO OPVKTO UE ONUAVTIKES TPOTPOPNTIKES LKAVOTHTES. Apyika uio mAlotiky epoapuoyn
ATTATOVAYITIKNG apYiAov ¢ TPOoheTo o€ Epyo oTABEPOTOINGNS POTOGUEVOD EOGPOVS
and 10lixd uétallo. gixe wg OmMOTEAEGUA TH ONUOVTIKY UELWON TOV DOOTO-EKYVALTILOD
KAdouarog twv uetaAlwv (Cu: 17%, Pb: 50%, Zn: 45%, Cd: 41%, Ag: 46%, As:
18%, Mn: 47%, Ba: 45%, Sb: 29%). Mia. debrepn miAotiky mepifaliovtikiy epapuoyn
TS ATTATOVAYITIKIG OPYIAOD OVOPEPETAL OTO TYEOIOGUO KOl T ONULOVPYIO. EVOS YEW-
odvBetov tomov “Geosynthetic Reactive Clay - GRC” oav évo, véo, Karvotouo gumo-
PIKO TPOIOV Y10, THY EPOPUOYN TE EPYO. OTOKOTATTOOHS POTOTUEVOD EOCPOVS OO TO-
&ixa uérallo. Télog, oe epyaotnpiorh KAUOKo EQOPUOYHS, N TPOGONKN aTTOTOVAYITI-
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KNG opyidlov oe evepyn 1AV amd povada emeepyacioc AvudTmv, UEIWOE TS VOATO-
EKYVAIOLUES GVYKEVIPTEIS IO GEIPAS TOPOUETPDV, OIS 01 PALVOAES, O OLOAVTOS Op-
yovikog avlpoxog, to uétorio (Hg, Cu, Mo, Pb, Se, As, Zn), kafwg¢ kat to pikpofio-
Aoyiko poptio maboyovwyv opyaviouwv oe KAipoka mopoTipRong T€6oapmy gfdoud-
owv. O1 TOPOTaV® EPOPUOYES TOV OTTOTOVAYITH G TEYVIKEG QMOKOTOOTOOHS POTTO-
OUEVOD EOGPODS EIVAL OIKOVOUOTEYVIKG PEATIOTES KO AVIOYWVIOTIKES OTHV DITGPYOVOO.
aYopa. TEPLPOALOVTIKWDV EPYV. XE GYECH UE TRV EVEPYH IAD, N OTTATOVAYITIKI GPYIAOC
elvou amoteleoatikd mpoobeto, mov UTOPEL Vo EVVONGEL THV KOUTOGTOTOINGH, ON-
HL0VPYOVTAS TEAKG, Eva a0EHIEVHS TTEpIfaliovTikng adlog, edapofeltiartiko Tpoiov .
Aéeig kierdra: Iolvyopokitng, amoxardorooy, evepyn 1AUG, Papéo. uétolia.

1. Introduction

The use of mineral-based amendments for remediation of metal and organic contaminants in soils
has been widely studied and is gaining broader acceptance as a cost effective remediation
technology (O'Day and Vlassopoulos, 2010). The overall aim of in situ amendment technologies
is to sequester and stabilize contaminants in soils or biosolids in order to reduce their ability to
partition to water or biota, thus decreasing their potential for transport and toxicity. The selection
of appropriate amendments is an open field for research on the quest for the most effective mixing
proportions at an affordable cost. Environmental applications of attapulgite clay as an effective
toxic metal absorbent have previously been described in laboratory scale by many researchers
(Alvarez-Ayuso et al., 2003; Shirvani et al., 2006; Potgieter et al., 2006; Veli et al., 2007; Zhang
and Pu, 2010) for contaminated land remediation. However, there are not any studies on larger
scale experiments involving applications in the field. In this paper we present a series of pilot scale
and batch scale applications of attapulgite clay as an amendment for the stabilization of metals in
contaminated soil and sewage sludge.

2. Materials and Methods
2.1. Attapulgite Clay

Attapulgite’s (palygorskite) structure consists of modulated 2:1 layers, demonstrating a variable
dioctahedral to trioctahedral character expressed by the following general chemical formula
Mg58Si8020(OH)2(0OH2)4.4H20 (Gionis et al., 2006). The presence of micropores and channels
in attapulgite’s structure together with its fine particle size and fibrous habit are responsible for its
high specific surface area and its sorption properties (Galan, 1996). The attapulgite clay used in the
lab and pilot scale applications presented in this paper are commercial products of Geohellas S.A.
selected to fit the design of the specific environmental applications. The raw material is originated
from deposits exploited by Geohellas at Grevena, Greece. A typical mineralogical composition of
attapulgite clay consists mainly of palygorskite, saponite and quartz with minor amounts of calcite,
serpentine, dolomite and occasionally plagioclase and pyroxene. A representative XRD pattern of
palygorskite rich attapulgite clay especially selected for the presented applications is given in
Figure 1.

2.2. Experimental Design Principles and Concept Application

The tested environmental applications of attapulgite clay as amendment for environmental
applications refer to three completed projects that are discussed in the following paragraphs.

2.2.1. Pilot Scale Application of Attapulgite Clay for In Situ Stabilization Toxic Metals in
Contaminated Land

The contaminated site for this experiment was located in a public recreational area in Lavrion
town, 55 km southeast of Athens, Greece. Field dimensions were 9 m x 12 m and the overburden
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material consisted of a mixture of alluvial soil and mining/ metallurgical waste at least to a depth
of 30 cm. Detailed description of site history as well as contaminated soil conditions are given in
Zotiadis et al. (2012). Preparation of the study area included rotor-tilling to a depth of 30 cm,
manual removal of large cobbles and rewetting the soil to amend the initial soil moisture content.
Physical properties of contaminated soil were determined by geotechnical laboratory tests. Soil
treatment included addition of appropriate amount of attapulgite clay, mixing, homogenization and
rewetting to attain saturated conditions. Homogenization of treated soil was repeated on a weekly-
basis for a one month period (4 weeks), using a rotor-tiller in parallel with soil rewetting to
maintain near-saturation soil conditions. Soil pH was monitored weekly. A final set of samples
was collected at the end of the 4 weeks period to study the final geochemical characteristics of the
study area while pH monitoring continued for a period of seven (7) months on a monthly basis.

2.2.2. Pilot Scale Application of a “Geosynthetic Reactive Clay - GRC” as an Innovative
Product for the Retention of Toxic Elements in Contaminated Land

This case study included the design and application of a “capping” technique for remediation of
heavily contaminated soil by toxic metals and is a reference project for the commercial production
of GRC product. A new Geosynthetic Clay Composite was developed by substituting impermeable
Na-bentonitic clay with permeable attapulgite clay, thus creating an innovative product for the
retention of toxic elements in contaminated land (Kollios and Zotiadis, 2012).

Figure 1 — XRD pattern of a typical palygorskite rich attapulgite clay.

The product was tested in a Primary School yard at Lavrion, Greece. High recorded concentrations
of toxic elements in soil and dust of the area are reflected in adverse effects in human health. The
aim was to limit the exposure of children to soil containing toxic metals by developing a relatively
low cost product with simple construction requirements. The school building was founded in a 4.5
m thick hazardous waste layer consisting of alluvial soil mixed with historical mining and
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metallurgical waste (carbonate-rich tailings and slag). Below this depth, Quaternary deposits of
alternations of conglomerates and marls continue for 3 to 10 m until they meet the alpine
geological basement of metamorphic schist. The contaminated subsoil/soil layer was characterized
by determining geotechnical, mineralogical and geochemical parameters prior to the application of
attapulgitic GRC. According to the defined geotechnical and geochemical properties, the
remediation actions included: a) ex-situ excavation of the contaminated soil/subsoil to the depth of
40 cm, b) placement of a non-woven geotextile over the contaminated subsoil, c) placement of a
layer of granular attapulgite clay with thickness of 10 cm, d) covering the attapulgite clay with a
second non-woven geo-textile and, e) placement of a layer of clean vegetal soil with a thickness of
30 cm for planting purposes, according to the landscape design.

Leaching experiments were conducted on representative, three fold composite samples of
contaminated soil, clean soil and attapulgite clay according to EN 12457-4 (2003) European
Standard (one stage batch test at a liquid to solid ratio of 10 L/Kg). Additionally, up flow
percolation tests were performed on two (2) subsamples according to the technical specification
CEN/TS 14405 (2004). The testing column was designed and packed with the used materials
(contaminated soil, geotextile, attapulgite clay, geotextile, vegetal soil) according to the proposed
design in order to examine the effectiveness of different thickness of the attapulgite clay layer (i.e.
0cm, 5 cm, 10 cm, 15 cm).

2.2.3. Laboratory Scale Application of Attapulgite Clay for Treatment of Sewage Sludge
from the Municipal Wastewater Treatment Plant of Kamari, Thera

The objectives of this laboratory scale study were to assess the effectiveness of two modified
attapulgite clay samples with different grain size distribution, mixed in two different proportions
with sludge material (Gidaropoulou et al., 2012). Two types of heat treated material were tested,
differing in their grain size distribution; a fine grained sample (F) with particle size distribution
(um) of d10=1.8, d50= 8.9, d90= 24.8 and a coarse grained sample (C) with 90% of grains in the
20/50 mesh size.

Sampling of sewage sludge material was conducted in September 2011 at the Kamari treatment
plant. Twenty four hours after collection the sludge was weighted and placed into 5 orthogonal
polypropylene flower pots of dimensions 25 x 25 x 50 cm, each containing 12 kg of material.
Attapulgite clay was added into four of the sludge containing pots; the material in the fifth pot was
left untreated in order to provide a reference sample (SLU). Mixing proportions of each of the fine
and coarse grained attapulgite clay samples were 5% and 10% on a dry weight basis. The amended
material was homogenized manually and the pots were kept in open air conditions protected from
rain and direct sunlight for a period of 4 weeks. Mixing and homogenization of sludge was
repeated on a weekly basis during this period and the pH of the material was monitored weekly. A
final set of samples was removed from the pots at the end of the 4 weeks period to study the final
geochemical and microbiological characteristics of sludge.

Aliquots of untreated and treated sludge samples were subjected to the L/S=10 leaching procedure
with deionized water according to EN 12457-4 (2003). Chemical analysis of heavy metals was
performed in parallel in the Laboratory of Economic Geology and Geochemistry, University of
Athens by using graphite furnace atomic absorption spectroscopy and an accredited external
laboratory. Appropriate analytical techniques were used for the determination of the total
parameters prescribed by the Council Decision 2003/33/EC. Microbiological analysis was also
performed on sludge before and after treatment to determine the following parameters: Coliforms,
Fecal coliforms, B-glucuronidase positive E. coli, Enterococci, Salmonella spp, Listeria
monocytogenes. This analysis was performed in the external accredited laboratory. Furthermore
the sludge samples were studied by X ray diffraction using a Siemens D-5005 diffractometer with
Cu Ka radiation and scanning electron microscopy (SEM) using a JEOL JSM-5600 system at the
Laboratory of Economic Geology and Geochemistry, University of Athens.
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3. Results and Discussion

3.1. In Situ Stabilization Toxic Metals in Contaminated Land

The descriptive statistics of water leachable concentrations in untreated and treated soil samples
from the pilot scale study in Lavrion are presented in Table 1. Before treatment the determined
water leachable metal concentrations exceeded the limit values for inert waste assigned by
Directive 2003/33/EC.

Table 1 - Water leachable elemental concentrations (ng/kg) before and after in-situ
treatment of Lavrion urban soil with attapulgite clay (n=12).

Element Mean Min Max IS)teifl;:;Z(lll

untreated |treated |untreated| treated | untreated | treated | untreated | treated
Cu 544 456 505 329 577 537 34 83
Pb 9198 4609 6491 3146 11109 6267 2325 1179
Zn 12848 7006 9170 4770 15710 9210 3253 1803
Ag 18 9 14 6 20 12 3 2
Mn 2666 1416 1780 780 3330 2220 800 471
As 1455 1190 1312 857 1554 1487 128 224
Cd 40 24 31 20 51 27 8 3
Sb 232 165 203 138 256 169 26 12
Ba 580 312 420 150 710 530 131 186

Consequently the measured water leachable metal concentrations posed significant environmental
risk confirming the need for reducing potentially toxic elements’ mobility using a stabilization
method. Water leachable concentrations after treatment indicated that the performed remediation
method reduced significantly the readily bioaccessible water leachable fraction of metals and
subsequently the associated exposure risk to humans and biota. The corresponding reduction of
water leachable metal fraction of metals in pilot scale application was determined as high as 17%
for Cu, 50% for Pb, 45% for Zn, 41% for Cd, 46% for Ag, 18% for As, 47% for Mn, 45% for Ba
and 29% for Sb.

3.2. Attapulgite “Geosynthetic Reactive Clay - GRC”

The measured total concentrations of Pb, Zn, As, Cd and Sb in the untreated soil from the school
yard in Lavrion greatly exceeded the corresponding intervention values established by the “New
Dutch List” (VROM 2009), indicating high poly-metallic soil pollution and presenting high risk of
adverse health effects for children exposed to soil contamination (Kollios and Zotiadis, 2012). The
mean values of metal concentration determined by water leaching experiments according to EN
12457-4 in the tested samples are presented in Table 2.

The water leachable metal concentrations in contaminated soil were lower than the corresponding
limit values for non-hazardous wastes but exceeded the limit values for inert wastes assigned by
Directive 2003/33/EC. As a fact the measured water leachable metal values in contaminated soil
pose a significant environmental risk confirming the need for reducing potentially toxic elements’
mobility using a stabilization binder. On the other hand the water leachable metal values of vegetal
soil and attapulgite clay as it was expected are significantly lower than the limit values for inert
wastes. The mean values of metals determined by the performed up flow percolation tests are
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presented in Table 3. The determined leachable metal values by up flow percolation tests in
column without attapulgite clay (blind sample) exceeded the corresponding limit values for inert
wastes assigned by Directive 2003/33/EC for arsenic, lead and cadmium. However in the columns
with attapulgite clay, a significant reduction of water leachable metal fraction was determined
reaching percentages as high as 100% for As, 21% for Ba, 100% for Cd, about 100% for Pb,
100% for Sb and 88% for Zn. Best results were achieved in the percolation test conducted with 10
cm attapulgite clay in the test column. Leachable metal concentration values in all tested columns
filled with attapulgite clay were lower than the corresponding limit values for inert wastes
assigned by Directive 2003/33/EC.

Table 2 - Water leachable (L/S= 10 L/Kg) metal mean values (mg/ kg) of vegetal soil,
contaminated soil, attapulgite clay (EN 12457) and corresponding limit values for inert and
non-hazardous wastes according to 33/EC/2003.

Water leachable (L/S= 10 I/Kg) mean values Limit Values
Metal Vegetal Soil |Contaminated Soil| Attapulgite Clay \;,:2:25 Non\il/z:ilersdous

As 0.012 1.45 nd 0.5 2
Ba nd 0.74 nd 20 100
Cd 0.0028 0.04 0.0012 0.04 1
Cu 0.08 0.54 0.036 2 50
Hg nd nd nd 0.01 0.2
Mo nd 0.05 0.011 0.5 10
Ni 0.06 0.02 0.024 0.4 10
Pb 0.01 9.20 nd 0.5 10
Sb nd 0.035 nd 0.06 0.7
Se nd nd nd 0.1 0.5
Zn 1.4 12.85 1.1 4 50

nd : not detected

3.3. Attapulgite Clay in the Treatment of Sewage Sludge

The effectiveness of attapulgite clay treatment was assessed by comparing the analytical results of
leached solutions of treated and untreated sludge (reference sample SLU). The results showed a
significant reduction of water leachable fraction for several. Overall the best results were achieved
with the 10% mixing proportion of clay. The fine grained material performed better in removing
phenol and DOC content in the leachate (100% and 42% reduction respectively in sample SL5F)
but the coarse grained material (SL10C) achieved better reduction percentages for metal and
metalloid parameters: As (39%), Cu (64%), Hg (100%), Mo (52%), Pb (50%), Zn (38%). The
order of metal and metalloid uptake by attapulgite clay was Hg> Cu> Mo> Pb> Se> As> Zn.

With respect to pathogens, results at the end of the experimental period in the untreated and treated
samples were compared to pathogen concentrations in the initial sludge sample (Figure 3). A
significant reduction in Coliforms, up to 86% was observed for sample SL10C. Samples treated
with 10% fine grained attapulgite clay achieved the best reduction in pathogens overall. It is noted
that Salmonella spp and Listeria monocytogenes were absent even in the initial sample. Mixing
also reduced the moisture content of treated material.
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Table 3 - Metal water leachable mean values (mg/ L) of up flow percolation tests (CEN/TS

14405) in the tested GRC.

Metal Percolation Percolation Percolation Inert Non
Test * Test ** Test *** (Co) Hazardous (Co)

As 0.007 nd nd 0.06 0.3
Ba 0.660 0.580 0.520 4.0 20
Cd 0.021 0.003 0.002 0.02 0.3
Cu 0.011 <0.003 <0.003 0.6 30
Hg nd nd nd 0.002 0.03
Mo <0.003 <0.003 <0.003 0.2 3.5
Ni 0.002 0.005 0.008 0.12 3
Pb 0.320 <0.003 <0.003 0.15 3
Sb 0.040 nd nd 0.1 0.15
Se nd nd nd 0.04 0.2
Zn 0.220 0.032 0.027 1.2 15

* ) k¥ %%k Testing column with Ocm*, Scm **, 10cm *** attapulgite clay.

3.4. Effectiveness of Attapulgite Clay as Contaminated Soil and Biosolids
Amendment and Future Research Directions

The effectiveness of metal stabilization techniques on soil depends upon numerous factors besides
the type of binder, including physical (i.e. grain size, plasticity, permeability, moisture content,
etc.) and geochemical characteristics (type of contaminant, concentration, heterogeneity,
leachability, mineralogy, pH, Eh, etc.) of the soil and on other competitive factors (USEPA, 2003).
Soil solution pH is an important variable which controls the adsorption of the metal at clay water
interfaces. Clays are known to possess a negative surface charge in solution.

The main mechanisms of toxic metals adsorption/ sorption on attapulgite clay have been studied
by many researchers. Potgieger et al. (2006) showed that at slightly alkaline conditions more of the
positively charged metal ions are adsorbed on the negative clay surface and precipitation of metal
hydroxides occurs. Alvarez-Ayuso et al. (2003) suggested reaction of heavy metals with numerous
silanol groups. Shirvani et al. (2006) also suggested two mechanisms for adsorption, i.e.
replacement of Mg?" in the edges of octahedral layer and inner-sphere complexation on the
functional groups on the broken edges of the mineral. Furthermore data of Cai & Xue (2008)
confirmed three mechanisms for copper adsorption by palygorskite: (a) onto the surface or in a
net-like interstice; (b) forms a Me-complex ion and is trapped in the channel; or (c) into the
hexagonal channel of the tetrahedral sites or the unoccupied octahedral sites of the mineral.

Laboratory experimental results indicated that treating sewage sludge with attapulgite clay might
have positive effects in reducing the mobility and thus bioavailability of toxic elements in the
instance of sludge land application. However, heavy metal content of sewage sludge is variable
and hardly comparable (Fuerhacker and Haile, 2011). Furthermore, the fate and transport,
mobility, bioavailability and eco-toxicity of potentially harmful elements in sludge-amended soils
depends on several factors including pH, cation exchange capacity, organic matter content, soil
structure and texture (Basta et al., 2005). All of the above calls for further work in order to explore
the speciation of potentially harmful elements in sludge and understand the processes controlling
adsorption by attapulgite clay. Besides the stabilization of harmful substances in sewage sludge,
attapulgite clay could be used as an amendment for sewage sludge composting. In the initial stage
of sludge treatment it reduces the moisture content, improves plasticity, reduces odor and prevents
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ammonia losses (Xie et al. 2012). Furthermore it enhances the composting procedure by increasing
aerisation and optimizing the required conditions, thus contributing to the production of an
organohumus compost which is an added value fertilizer for agricultural applications.

Based on our experimental data as well as the relevant literature it is possible that the effectiveness
of the attapulgite clay as a binder for toxic elements stabilization in contaminated soil could be
attributed to a combination of factors such as a) direct precipitation as a result of control and time
sustention of pH levels to slightly alkaline, b) high adsorption capacity as a result of its high
specific surface area, c) sorption capacity derived by the existence of nanopores within the free
channels of mineral structure. Further experiments employing advanced techniques utilizing
synchrotron light sources such as X-ray absorption fine structure (XAFS) spectroscopy can be
used to derive information on the structure and attachment geometry of sorption complexes on
mineral surfaces in contact with aqueous solution (Brown and Calas, 2013). Evidence of this type
of study combined with further empirical data from laboratory and field scale experiments will
shed light into the controlling mechanism of metal sorption by attapulgite clay.

Figure 2 — Reduction (%) in water leachable fraction of selected sludge parameters after
treatment with different proportions of coarse (C) and fine (F) attapulgite clay.

Figure 3 — Reduction (%) in microbiological parameters of sludge after treatment with
different proportions of coarse (C) and fine (F) attapulgite clay.
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4. Conclusions

A series of batch and pilot scale applications of attapulgite clay have demonstrated the
effectiveness of this natural material as an amendment for the stabilization of metals in
contaminated soil and sewage sludge. The feasibility of applying attapulgite clay as a binder for in
- situ stabilization of toxic metals in contaminated soil was demonstrated in a pilot scale
experiment at Lavrion. The reduction of water leachable metal fraction of metals was determined
as high as 17% for Cu, 50% for Pb, 45% for Zn, 41% for Cd, 46% for Ag, 18% for As, 47% for
Mn, 45% for Ba and 29% for Sb. Results from this study proved that the presence of attapulgite
clay reduced significantly the water leachable metal concentrations and subsequently the
associated environmental risk to humans and biota. In a different study, attapulgite clay was
applied as an amendment sandwiched between two geotextiles by means of a new type of
geocomposite material, named “Geosynthetic Reactive Clay - GRC” for toxic metals retention in
contaminated land. The effectiveness of this innovative commercial product was assessed in a pilot
scale study on a heavily contaminated site.

Also, research results indicated that the use of attapulgite clay has a positive potential in the
treatment of sewage sludge. Laboratory scale experiments showed that mixing with 10%
attapulgite clay reduces significantly the leachable concentrations of several parameters and that it
is mostly effective for removal of phenol, DOC, Hg, Cu, Mo, Pb, Se, As and Zn. Treatment was
also effective in the reduction of pathogen concentrations in sludge after the 4 weeks observation
period. It is proposed that the method is further tested in a pilot scale field experiment combined
with composting in order to further reduce the organic component and pathogens in sludge.

Overall, development and application of attapulgite clay as a binder for immobilizing metals in
contaminated soil and biosolids is a promising and cost-effective remediation technique under
present market conditions. However, further research is needed in order to explore the mechanism
that controls metal sorption by attapulgite clay. Once this is understood many more applications of
this natural material will become possible.
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