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To explore the potential fate and transport of perfluorochemicals in the thermal treatment of sludge, per-
fluorooctanesulfonate (PFOS), a perfluorochemical species commonly dominant in wastewater sludge,
was mixed with hydrated lime (Ca(OH); ) to quantitatively observe their interaction under different tem-
peratures. The phase compositions of the mixtures after the reactions were qualitatively identified and
quantitatively determined using X-ray diffraction technique. The results of the thermogravimetry and
differential scanning calorimetry analyses indicate that PFOS gasified directly during the thermal treat-

f){;}(l)\;/ords: ment process when the temperature was increased to around 425 °C. However, the formation of CaF,
Ca(OH), at 350°C suggests that the presence of Ca(OH), in the mixture can lead to the decomposition of PFOS

CaF, at 350°C, which is lower than the decomposition temperature of PFOS alone (425 °C). The increase of
XRD quantification temperature promoted a solid state reaction between PFOS and Ca(OH),, and also enhanced the inter-
Transformation ratio action between the gaseous products of PFOS and CaO (or Ca(OH),). The preferred Ca/F molar ratio to
achieve fluorine stabilization by Ca(OH), was above 1:1 in the experiment involving 400°C and 600°C
treatment. It also showed that equilibrium efficiency is achieved within 5 min at 400 °C and within 1 min

above 600°C.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Perfluorochemicals (PFCs) are pollutants that have been widely
used in a variety of industrial processes and commercial prod-
ucts, including polymer additives, surfactants, fire-fighting foams,
pesticides, and lubricants [1]. Given the wide distribution and
bioaccumulation of PFCs in the environment, their fate and trans-
port in wastewater treatment plants have recently attracted
attention. Studies have shown that PFCs can be strongly sorbed by
sludge. Higgins et al. [2] reported that the total PFC concentration
in digested sludge reached 3390 ng/kg. As wastewater sludge can
host environmental PFCs, the fate and transport of PFCs can be influ-
enced by the processes used to treat sludge. As a major strategy in
solid waste management, landfills are commonly used to dispose
waste sludge. However, many recent studies have confirmed the
significant environmental impact of disposing PFC-bearing waste
in landfills. For example, Kallenborn et al. [3] reported that the total
concentration of perfluorinated alkylated substances (PFAS) in Nor-
wegian landfill effluent was 1537 ng/L; Busch et al. [4] reported that
total PFC concentration could reach 13,000 ng/L in landfill leachate
from Northern Germany; and Huset et al. [5] showed that the
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perfluorobutanesulfonate (PFBS) concentration in landfill leachate
from the United States were as high as 2300 ng/L.

Incineration is another strategy for solid waste treatment, and
it is effective in breaking the robust halogen-carbon bonds in solid
waste compounds [6,7]. However, very few studies have explored
the fate and transport of PFCs during the thermal treatment (such as
incineration) of waste sludge. Halogen carbons (such as PFCs) may
be destroyed during incineration by releasing gaseous products if
they do not interact with other materials during this process [8,9].
These gas-phase perfluorocarbons (such as CF4, C;Fg) form during
the thermal decomposition of solid PFCs [10], and unfortunately the
release of such gaseous perfluorocarbons may further pollute the
atmospheric environment. For example, the global warming poten-
tial of CF4 is 6500 times that of CO, and its atmospheric lifespan is
50,000 years [11]. Therefore, the strong global warming effect and
the environmental persistence of gas-phase perfluorocarbons ham-
per effort for the development of sustainable solutions to remove
PFCs from our environment.

As calcium-based chemicals (such as CaO, Ca(OH),, and CaCO3)
are commonly used in sludge conditioning [12], the potential reac-
tion between PFCs and these calcium-rich compounds, such as the
formation of calcium fluoride, under thermal conditions should
be investigated in detail. During conditioning and stabilization, a
large amount of lime is added into the sludge to raise its pH or to
reduce levels of odor-causing microorganisms and pathogens. Lime
is also effective in dechlorinating solid-phase persistent organic


dx.doi.org/10.1016/j.jhazmat.2011.06.009
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:kshih@hku.hk
dx.doi.org/10.1016/j.jhazmat.2011.06.009

1068 F. Wang et al. / Journal of Hazardous Materials 192 (2011) 1067-1071

pollutants (such as pentachlorophenol, polychlorinated biphenyls,
and hexachlorobenzene) during combustion [13-15]. Therefore,
this study investigated the effect of hydrated lime (Ca(OH);) on
the fate and transport of PFCs under thermal conditions.

As a predominant PFC compound commonly found in wastew-
ater sludge, perfluorooctanesulfonate (PFOS: CgF;7SO3K) was
selected to represent PFC pollutants, and the thermal reaction
between PFOS and Ca(OH), was investigated through the char-
acterization of their reaction products. Operational parameters of
the thermal treatment process, such as the retention time, tem-
perature, and Ca/F molar ratio, were also studied to observe their
influence on the composition of product phases. To the best of our
knowledge, this is the first time that a quantitative X-ray diffraction
(XRD) analysis based on the Rietveld refinement method was used
to indicate the fluorine incorporation efficiency during the thermal
treatment of PFCs. The results of this study predict the fate and
transport of sludge PFCs under thermal treatment processes, and
describe the fixation of gas-phase perfluorocarbons after sludge
thermal treatment.

2. Materials and methods
2.1. Chemicals and sample preparation

PFOS and Ca(OH); powders were purchased from
Sigma-Aldrich, and the mineral phase of Ca(OH), was con-
firmed by XRD method. After homogenization using mortar and
pestle, the powder mixture samples (2-5g) were transferred to
an alumina crucible and combusted in a muffle furnace that has
been preheated at temperatures between 300 and 900°C. The
period of thermal treatment ranged between 1 and 30 min. After
the thermal treatment, the samples were air-quenched, weighted,
and ground (particle size less than 10 wum) before XRD analysis.

2.2. Thermogravimetry and differential scanning calorimetry
analyses

Thermogravimetry (TG) analysis was carried out with a Q50 TGA
(TA Instruments, USA) with an initial PFOS of around 8.65 mg. Using
a heating rate of 20°C/min, the thermogravity of the PFOS com-
pound was tested from room temperature to 700 °C under nitrogen
purging. Differential scanning calorimetry (DSC) was performed
using a DSC-7 analyzer (Perkin Elmer, USA) with an initial PFOS of
around 4.60 mg. Measurement was carried out from 275 to 465 °C
at a heating rate of 10°C/min under nitrogen purging.

2.3. XRD analysis

The phase transformation during heat treatments was mon-
itored using powder XRD technique. The XRD patterns of each
powder sample were collected on a D8 Advance Diffractometer
(Bruker AXS) equipped with a Cu X-ray tube and a LynxEye detec-
tor operated at 40 kV and 40 mA. The system was calibrated for the
line position by Standard Reference Material 660a (lanthanum hex-
aboride, LaBg), which was obtained from the U.S. National Institute
of Standard and Technology. Scans were collected from 10° to 130°
20-angle, with a step width of 20=0.02° and a sampling time of
0.3 s per step.

Qualitative phase identification was conducted by matching
powder XRD patterns with those retrieved from the standard pow-
der diffraction database of the International Centre for Diffraction
Data (ICDD PDF-2 Release 2008). The crystalline phases found in all
products include CaF, (PDF#70-2049), CaO (PDF#77-2376), CaCO3
(PDF#86-0174),and Ca(OH), (PDF#84-1263). Quantitative analysis
ofthe phase compositions was performed using TOPAS (version 4.0)
for XRD data. TOPAS uses a whole pattern fitting function via the

Table 1
Decrease in mass of PFOS during thermal treatments at 300, 350, and 400 °C for
30 min.

Temperature (°C) Initial weight (g) Residue weight (g)

300 0.50 0.49
350 0.50 0.48
400 0.50 0.49

Rietveld method to match the observed diffraction pattern to deter-
mine the weight percentage of crystalline phases in a sample [16].
To evaluate the quality of matching results, the refinement analy-
sis of each pattern generates the pattern factor (Rp), the weighted
pattern factor (Rwp), the expected pattern factor (Rexp), and the
goodness of fit (GOF) value, which are defined by the following
equations:
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where Y;(obs) and Yj(calc) are the observed and calculated data,
respectively, at data point m; M is the number of data points; P
is the number of parameters; and w; is the weighting given to
data point m. The counting statistics are given by w; = 1/8(Y;(obs))?,
where 4(Y;(obs)) is the error in Y;(obs). The Rwp/Rexp ratio or the
GOF value will be equal to 1 in an ideal refinement. However, in an
actual situation, the background and peak profile mismatch lead to
aGOFof>1. AGOF value between 1.0 and 2.9 is generally considered
satisfactory [17].

3. Results and discussion
3.1. Thermal reaction of PFOS and Ca(OH),

The single-step degradation of PFOS was observed at around
425°C, and it indicated that the gasification temperature for PFOS
is around 425 °C (Fig. 1a). Similar studies on fluorochemicals have
detected the decomposition products of polytetrafluoroethylene
(PTFE) at temperature reaching 480°C [9]. To determine whether
PFOS may undergo any further reaction or phase transformation
in the sludge before gasification, it was further tested using a DSC
analyzer. The results show that the first endothermic peak of PFOS
was also observed at around 425 °C (Fig. 1b), which indicated that
no major reaction or phase transformation had occurred before its
gasification temperature. The results of the TG and DSC analyses
indicate that PFOS will gasify directly under N, purging when the
temperature reaches 425°C.

Prolonged heating (30min) for PFOS (Fig. 2a) and
PFOS +Ca(OH), (Fig. 2b) samples were conducted at 300, 350,
and 400°C in air, and the major crystalline phases in the products
were identified by XRD technique (Fig. 2). The mass of the PFOS
sample did not decrease (Table 1) and no phase change for PFOS
compound was observed (Fig. 2a) when the heating temperature
was below 400°C for 30 min. To our knowledge, this is the first
work reporting the diffraction peaks of PFOS and its stable range
is also consistent with the TG and DSC results, which further
confirms that PFOS does not decompose below 425 °C. Similarly,
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Fig. 1. The results of the (a) thermogravimetry (TG) analysis and (b) differential
scanning calorimetry (DSC) analysis for PFOS. Solid PFOS gasified directly when the
thermal treatment temperature was above 425°C.

no diffraction peaks other than those of the starting materials (i.e.,
PFOS and Ca(OH),) were detected at 300 °C (Fig. 2b). However, a
significant formation of CaF, was observed at temperatures 350
and 400°C, which indicates the effective solid state interaction
between Ca(OH), and PFOS. The formation of CaF, at these two
temperatures suggest that Ca(OH), triggered the decomposition
of PFOS at a temperature lower than its gasification temperature
(425°C). Yang and Pittman [13] pointed out that the key mech-
anism in the reaction between chlorinated organic molecules
and Ca(OH), was the displacement of chloride with hydroxide.
In their process, the displaced chlorine mineralizes to calcium
chloride, which then led to the combustion or pyrolysis of the
remaining organic residues. Therefore, the decomposition of PFOS
may similarly start from the replacement of fluoride in PFOS
by hydroxide, and the remaining organic residues were further
decomposed into gaseous products. Furthermore, the increasing
intensity of CaF, when temperature was increased from 350 to
400°C indicates that the yield of CaF, also increases with elevated
temperature.

3.2. Treatment temperature and Ca/F molar ratio

The results discussed in the previous section showed that
increasing temperature may promote the yield of CaF,; therefore,
the influence of treatment temperature on the formation of CaF,
was further quantitatively evaluated. The Rietveld refinement tech-
nique was used to determine the relative weight percentages of the
crystalline phases in the systems using TOPASV 4.0. Using the result
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Fig. 2. The XRD results of (a) PFOS and (b) PFOS + Ca(OH), treated at 300°C, 350°C,
and 400 °C for 30 min. The results indicate that PFOS was not decomposed at these
three temperatures even under prolonged heating. The Ca(OH), facilitated the
decomposition of PFOS at 350 and 400 °C, which were lower than the decomposition
temperature of PFOS alone (425 °C).

of the quantitative XRD analysis, a transformation ratio (TR) index
can be used to indicate the fluorine mineralization efficiency:

TR (%) = 2 x (wt. of CaF, /MW of CaF,)

= 17 x (wt. of PFOS/MW of PFOS) 100% (5)

where MW means molecular weight. A TR of 100% means a
complete transformation of fluorine into CaF, phase is achieved,
whereas 0% means no CaF, incorporation occurred.

The fluorine transformation ratios of heating PFOS +Ca(OH);
mixture over the temperature range of 300-900°C for 30 min are
summarized in Fig. 3. As the temperature of the heat treatment
increased, the TR of fluorine increased gradually from around 60%
to 90% within the temperature range of 350-900°C. The poten-
tial mechanism of yielding CaF, is likely a solid state reaction
between PFOS and Ca(OH),, or a gas-solid reaction between the
PFOS decomposition products and Ca(OH),. For the solid state
interaction, the reaction efficiency is closely associated with the
effective contact between the reactants [18], and the increase in
temperature may further facilitate the diffusion process of fluo-
ride into the Ca-containing reactant [19]. For the gas—solid reaction,
gaseous CF,=CF, could react with Ca(OH), to form CaF, [20], and
such C; or C, perfluorocarbons (e.g., CF4, CoF4 and CFg) were
observed when heating PFOS at temperature above 500 °C[21]. This
indicates that the gaseous products of PFOS might be captured by
the surrounding Ca(OH), in the thermal treatment experiments of
this study. In addition, Lee and Choi [22] observed the significant
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Fig. 3. The effect of temperature on fluorine transformation efficiency. Transforma-
tion ratio (TR) values were plotted for PFOS + Ca(OH), samples with Ca/F molar ratio
of 1:1 heated at the corresponding temperatures for 30 min.

interaction between CF4 and CaO, and they showed that the for-
mation of CaF, was enhanced with high temperature. As a high
temperature phase of Ca(OH),, CaO may also react strongly with
the gaseous products of PFOS with an increase in temperature.
The effects of the Ca/F molar ratio on the fluoride TR at 400 °Cand
600 °C are illustrated in Fig. 4, which clearly shows that an increase
in Ca/F molar ratio effectively enhances the transformation of flu-
orine into CaF,. When the thermal treatment was tested at 600 °C,
strong decomposition of PFOS into gaseous products should have
occurred rapidly. A higher Ca(OH), content in the system presum-
ably provides a higher gas-solid contact frequency to react with the
highly mobile decomposition products. Fig. 4 shows a substantial
enhancement of fluorine mineralization efficiency from 57% to 85%
at 600°C, when the Ca/F molar ratio in the starting material was
increased from 0.5:1 to 1:1. A similar experiment tested at 400°C
also shows the substantial high TR occurred when Ca/F molar ratios
was higher than 1:1. The maximum fluoride TR values were gener-
ally achieved by samples with Ca/F molar ratios between 1:1 and
1.5:1, and such result also indicates a minimum Ca/F molar ratio of
1:1 for the effective fluorine transformation at 400 °C and 600 °C.
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Fig. 5. The XRD results of PFOS + Ca(OH), samples (Ca/F molar ratio of 1:1) heated
at 400, 600, and 900°C for (a) 2 min and (b) 5 min.

3.3. Effect of treatment time

To observe the influence of treatment time on the formation of
CaF,, the PFOS +Ca(OH), mixtures were heated at 400, 600, and
900 °C for different periods. Fig. 5a shows the XRD spectra for heat-
ing the PFOS + Ca(OH), mixture for 2 min at 400, 600, and 900°C.
Although CaF, formed at 600 and 900 °C, no CaF, diffraction peaks
were observed at 400 °C. Further extending the treatment to 5 min
resulted in a significant growth of CaF; in all samples heated at
these three temperatures (Fig. 5b). As both heating time and tem-
perature enhance the diffusion process of fluoride to react with the
Ca-containing compounds, this reflects the importance of providing
sufficient contact frequency to facilitate the mass transfer process
for the PFOS + Ca(OH), reaction system, particularly at lower tem-
perature (e.g., 400°C).

The formation of CaF, under the three temperatures (i.e., 400,
600, and 900 °C) were quantified using the XRD data over 1-30 min
of treatment time, and Fig. 6 summarizes the results of transfor-
mation ratios to indicate the degrees of mineralization of fluorine.
At 400 °C, the transformation needed at least 5 min to reach ~60%
mineralization of fluorine into the CaF, phase, and prolonged heat-
ing was only able to enhance mineralization to almost 70%. Hori
et al.[23] performed an iron-induced decomposition for perfluoro-
hexanesulfonate (a compound similar to PFOS in structure type) in
sub- and supercritical water, and showed that the fluorine trans-
formation ratio was around 47% at 380 °C. Therefore, treatment at
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Fig. 6. The formation of CaF, at different time period of thermal treatment pro-
cess. The transformation ratio (TR) values for the PFOS+Ca(OH), samples (Ca/F
molar ratio of 1:1) were obtained by heating at 400, 600, and 900 °C with different
treatment times.

400°C shows that the effectiveness of incorporating fluorine into
CaF, by heating PFCs with a lime-based precursor is comparable,
if not superior, to iron-induced decomposition in sub- and super-
critical water. At 600 and 900 °C, the formation of CaF, was quickly
achieved within 1 min, and the transformation ratios were around
80% and 90%, respectively. This clearly indicates that high temper-
ature promotes the incorporation of fluorine into CaF,, and a very
high degree of fluorine mineralization could be achieved within an
extremely short period at treatment temperatures above 600 °C.

4. Conclusions

The results of thermal reaction between PFOS and Ca(OH), indi-
cate that Ca(OH);, facilitates the decomposition of PFOS at 350°C.
This effect is initiated by the replacement of fluorine in PFOS by
hydroxide, and this process occurs at a temperature lower than
that of the decomposition of PFOS alone (425 °C). After a few min-
utes of thermal treatment at 400, 600, and 900°C, the fluorine
transformation ratios reach 60%, 80%, and 90%, respectively. There-
fore, Ca(OH), and other Ca-rich matrices may be effectively used
to defluorinate PFCs under thermal conditions. In addition, the
strong interaction between PFOS and calcium provides an indi-
cation of the fate of PFOS in sludge during a variety of thermal
treatment processes. Considering the more complicated system
in real wastewater sludge, other factors that may influence this
reaction pathway should be further evaluated in future studies.

Acknowledgments
We gratefully acknowledge the funding for this research pro-

vided by the General Research Fund Scheme of the Research Grants
Council of Hong Kong (HKU 716809E).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jhazmat.2011.06.009.

References

[1] M.M. Schultz, D.F. Barofsky, J.A. Field, Fluorinated alkyl surfactants, Environ.
Eng. Sci. 20 (2003) 487-501.

[2] C.P. Higgins, J.A. Field, C.S. Criddle, R.G. Luthy, Quantitative determination of
perfluorochemicals in sediments and domestic sludge, Environ. Sci. Technol.
39 (2005) 3946-3956.

[3] R. Kallenborn, U. Berger, U. Jarnberg, Perfluorinated Alkylated Substances
(PFAS) in the Nordic Environment, Nordic Council of Ministers, Copenhagen,
Denmark, 2004 (Report TemaNord 2004: 552, ISBN 92-893-1051-0, ISSN 0908-
6692).

[4] J.Busch, L. Ahrens, R. Sturm, R. Ebinghaus, Polyfluoroalkyl compounds in landfill
leachates, Environ. Pollut. 158 (2010) 1467-1471.

[5] C.A. Huset, M.A. Barlaz, D.F. Barofsky, ].A. Field, Quantitative determination
of fluorochemicals in municipal landfill leachates, Chemosphere 82 (2011)
1380-1386.

[6] J.Seok, K.Y.Hwang, Thermo-chemical destruction of polychlorinated biphenyls
(PCBs) in waste insulating oil, ]. Hazard. Mater. 124 (2005) 133-138.

[7] H. Zhang, P. He, L. Shao, Fate of heavy metals during municipal solid waste
incineration in Shanghai, J. Hazard. Mater. 156 (2008) 365-373.

[8] D.A.Ellis, S.A. Mabury, ].W. Martin, D.C.G. Muir, Thermolysis of fluoropolymers
as a potential source of halogenated organic acids in the environment, Nature
412 (2001) 321-324.

[9] Y. Kitahara, S. Takahashi, N. Kuramoto, M. Sala, T. Tsugoshi, M. Sablier, T.
Fujii, lon attachment mass spectrometry combined with infrared image fur-
nace for thermal analysis: evolved gas analysis studies, Anal. Chem. 81 (2009)
3155-3158.

[10] Y. Chen, Z. Lin, J. Li, ]. Du, S. Yang, PTFE, an effective additive on the combustion
synthesis of silicon nitride, J. Eur. Ceram. Soc. 28 (2008) 289-293.

[11] J.T. Houghton, L.G. Meira Filho, B.A. Callander, N. Harris, A. Kattenburg, K.
Maskell, Climate Change 1995: The Science of Climate Change, Cambridge
University Press, UK, 1996.

[12] S. Deneux-Mustin, B.S. Lartiges, G. Villemin, F. Thomas, ]. Yvon, J.L. Bersillon,
D. Snidaro, Ferric chloride and lime conditioning of activated sludge: an elec-
tron microscopic study on resin-embedded samples, Water Res. 35 (2001)
3018-3024.

[13] C.Yang, C.U. Pittman Jr., Dechlorination of PCBs on solid bases at high temper-
ature, Hazard. Waste Hazard. Mater. 13 (1996) 445-464.

[14] S.Y. Lu, T. Chen, J.H. Yan, X.D. Li, Y.L.M.J. Ni, K.F. Cen, Effects of calcium-based
sorbents on PCDD/F formation from pentachlorophenol combustion process, J.
Hazard. Mater. 147 (2007) 663-671.

[15] X. Gao, W. Wang, X. Liu, Low-temperature dechlorination of hexachloroben-
zene on solid supports and the pathway hypothesis, Chemosphere 71 (2008)
1093-1099.

[16] M. Sakata, M. Cooper, An analysis of the Rietveld refinement method, J. Appl.
Crystallogr. 12 (1979) 554-563.

[17] R.A. Young, Introduction to the Rietveld Method, Oxford University Press, UK,
1995.

[18] A.Kukukova, ]. Aubin, S.M. Kresta, A new definition of mixing and segregation:
three dimensions of a key process variable, Chem. Eng. Res. Des. 87 (2009)
633-647.

[19] H. Shirai, Y. Fusch, K. Schwerdtfeger, Hot defluorination of reducing gases with
lime pellets, Environ. Sci. Technol. 34 (2000) 798-803.

[20] X.Yang, C. Li, W. Wang, B. Yang, S. Zhang, Y. Qian, A chemical route from PTFE
to amorphous carbon nanospheres in supercritical water, Chem. Commun. 10
(2004) 342-343.

[21] T. Yamada, P.H. Taylor, Laboratory Scale Thermal Degradation of Perfluoro-
Octanyl Sulfonate and Related Precursors, Final Report, 3M Company, 2003
(UDR-TR-03-00044, USEPA EDocket OPPT-2003-0012-0151).

[22] M.C.Lee, W. Choi, Efficient destruction of CF4 through in situ generation of alkali
metals from heated alkali halide reducing mixtures, Environ. Sci. Technol. 36
(2002) 1367-1371.

[23] H. Hori, Y. Nagaoka, T. Sano, S. Kutsuna, Iron-induced decomposition of perflu-
orohexanesulfonate in sub- and supercritical water, Chemosphere 70 (2008)
800-806.


http://dx.doi.org/10.1016/j.jhazmat.2011.06.009

	Influence of calcium hydroxide on the fate of perfluorooctanesulfonate under thermal conditions
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and sample preparation
	2.2 Thermogravimetry and differential scanning calorimetry analyses
	2.3 XRD analysis

	3 Results and discussion
	3.1 Thermal reaction of PFOS and Ca(OH)2
	3.2 Treatment temperature and Ca/F molar ratio
	3.3 Effect of treatment time

	4 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	Appendix A Supplementary data


