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Figure 6.5.1. 5 Accumulated CO, generated by thermal plasma treatments with
argon flow rate of 24 L/min and various air flow rates under partial transferred
mode
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Figure 6.5.1. 6 Accumulated NO generated by thermal plasma treatments with
argon flow rate of 24 L/min and various air flow rates under partial transferred
mode
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Figure 6.5.1. 7 Accumulated NO; generated by thermal plasma treatments with
argon flow rate of 24 L/min and various air flow rates under partial transferred
mode
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Figure 6.5.1. 8 Accumulated H,S and SO, generated by thermal plasma
treatments with argon flow rate of 24 L/min and various air flow rates under
partial transferred mode
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Figure 6.5.1. 9 H; gas transient during thermal plasma treatments with argon flow
rate of 24 L/min and various air flow rates under partial transferred mode

6.5.2 Solid Analyses of Thermal Plasma Treatments with Various Operating
Parameters

Figure 6.5.2.1 compares the effect of argon and air flow rate on the weight
percentages of TOC. The percentages of TOC were measured in the darker and
lighter part of treated sludge in all treatments. In general, darker parts (located at
the top) contain higher TOC. Gaseous hydrocarbon might be vaporized by
thermal plasma at the beginning, but quenched during the contact of cold surface
of environmental chamber or surround air and deposit back to the reactor. The
reduction of TOC increased with increasing air flow rates and treatment times, but

stayed rather constant with decreasing argon flow rates. Since increasing air flow
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rate limits the formation of hydrocarbon (organics are more selectively converted
into CO and CQOs,), thus less hydrocarbons are quenched during the treatment.

Figures 6.5.2.2 and 6.5.2.3 compare the effect of argon and air flow rates,
respectively, on the weight percentage of major elements measured by X-ray
energy dispersion. Averaged weight percentages of darker and lighter parts were
used for the comparison. The percentages of O and S were lower with smaller
argon flow rates. The gas temperatures were 380 and 430 °C with argon flow rates
of 24 and 35 L/min in anoxic environments respectively. In addition, the
treatment time under an argon flow rate of 24 L/min was one hour longer than the
treatment time under an argon flow rate of 35 L/min. Higher gas temperature with
longer treatment time increases the reduction of sulfur and organic compounds
into gaseous by-products. The weight percentages of Si, K, Fe and O increase
with increasing air flow rates, while Ca and Cu decreased with increasing air flow
rates. Weight percentages of other major elements deviated within 10 percent with
increasing argon flow rates.

In general, elemental weight percentages of treated sludge under oxidizing
environment are more similar to each other. Enrichment of Ca and Fe were 60 and
600%, 100 and 550%, and 110 and 500% under air flow rates of 0, 2.4 and 4.8
L/min respectively. The  reduction of Si and O were higher in reducing
environments. The weight percentages of Si and O decreased 55 and 50%, 33 and
25% and 30 and 20% under air flow rates of 0, 2.4 and 4.8 L/min respectively.

Figure 6.2.2 also shows that the percentages of sand (SiO;) and calcite (CaCO3)
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were at the lowest in anoxic environments. It may be concluded that oxygen
released from oxides were partly used for the oxidation processes to generate
gaseous by-products.

Detailed elemental analysis on treated sludge with various air flow rates
was carried out by NAA. Figures 6.5.2.4, 6.5.2.5 and 6.5.2.6 show the major,
minor and trace elements of treated sludge with air flow rates of 0 and 2.4 L/min
respectively. Concentrations of Mg and Fe enriched slightly with increasing air
flow rates, while concentrations of other major elements were quite constant with
increasing air flow rates. The deviation of major element concentrations is within
10 percent between reducing and oxidizing environments. The concentrations of
minor and trace elements were quite consistent with increasing air flow rates
except Ba, Co and Nd. The results differ from those of the solid analysis by X-
ray energy dispersion since quite significant difference in weight percentages was
observed in Figure 6.5.2.3. It may suggest that chemicals in sludge were firstly
decomposed by thermal plasma and then recombined. During the decomposition
process, volatile elements/compounds and organics were converted into gaseous
by-products while non-volatile and volatile condensable elements remained for
recombination. This assumption may supported by the chemical composition
analysis results presented in Table 6.5. Valuable metals (Fe, Zn and etc) are

enriched in the treated sludge and might be recycled as salable products.
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Figure 6.5.2. 1 Percentages of TOC in sludge with respect to thermal plasma
treatments under various argon and air flow rates
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Figure 6.5.2. 2 X-ray energy dispersion solid analysis of untreated sludge and
treated sludge by thermal plasma under partial transferred mode with argon flow
rates of 24 and 35 L/min
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Figure 6.5.2. 3 X-ray energy dispersion solid analysis of untreated sludge and
treated sludge by thermal plasma under partial transferred mode with argon flow
rate of 24 L/min and varying air flow rates
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Figure 6.5.2. 4 Major elements of untreated sludge and treated sludge by thermal
plasma under partial transferred mode with argon flow rate of 24 L/min and
varying air flow rates (by NAA)
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Figure 6.5.2. 5 Minor elements of untreated sludge and treated sludge by thermal
plasma under partial transferred mode with argon flow rate of 24 L/min and
varying air flow rates (by NAA)
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Figure 6.5.2. 6 Trace elements of untreated sludge and treated sludge by thermal
plasma under partial transferred mode with argon flow rate of 24 L/min and
varying air flow rates (by NAA)
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Chapter 7: Conclusions

The aim of this work was on the thermal plasma treatment of sediment
accumulating in stormwater ponds. Stormwater sediment was first separated into
sludge-water (filtrate), and sludge (filtrand) by screen filters. The sludge-water

and sludge were subjected to, respectively, PAED and thermal plasma treatments.
The results from PAED sludge water treatment show that:

(1) The discharge current and voltage waveforms were fundamentally similar
between pond bottom water and sludge-water, but were different from pond
surface water. Single discharge was observed in pond surface water with
lower conductivity, while double discharges occurred in pond bottom water
and sludge-water with higher conductivity. The maximum current and power
in sludge-water and pond surface water were 59 kA and 52 MW, and 45 kA
and 54 MW respectively. The pressure waveforms were fundamentally similar
between all types of water. The maximum pressure, the rise of pressure wave
and acoustic emission impulses were 0.1 - 1 MPa, 10°- 10® Pa/sec and 0.5 -
1.5 Paessec respectively.

(2) The maximum plasma density and electron temperature were in the order of
10%! to 10% ions per m® and 0.3 to 3 eV for various solutions with 1 to 2 kV
charging voltage. The two parameters were also highly dependent on the
conductivity of the solutions. Maximum plasma density and electron

temperature increased slightly with relatively low range of conductivity (20 to
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200 mS/m), but increased one order of magnitude when conductivity raised
from 200 to 600 mS/m.

(3) UV-A and radicals such as N, O3, OH, H and O were detected from optical
emission. Intensity of optical emissions and UV-A increased with increasing
charging voltage but decreased with increasing gap distance. UV-A and UV-B
dosimeters showed that the dosages of UV-A and UV-B ranged between 0.18
and 0.45 mW/cm?, and between 0.001 and 0.014 mW/cm?, respectively. In
strip chart analyses, the decay time of the UV-A, N, OH, H and O radicals
were around 0.4 to 0.6 msec. The results indicate that the radicals existed
slightly longer than the discharge period.

(4) Reduction of TOC in sludge-water reached 80% and was greater than 90%
after 5 minutes and 2 hours of PAED treatments, respectively. The pH,
conductivity, dissolved oxygen and temperature changed over the course of
treatment. pH values increased with increasing treatment time for all samples,
while conductivity and dissolved oxygen (DO) increased in pond bottom
water but decreased in sludge-water after 2 hours of PAED treatment. During
the measurement time in water quality analysis, pH and DO were stabilized
after 1 and 5 minutes respectively.

(5) The accumulated gaseous concentrations of C Hy, CO, CO,, SO, H,S and NO
were 8.2, 3.1, 1.9, 0.32, 0.29 and 0.07 mg/L, respectively, after two hours of

PAED treatment. The generations of CyH, and CO were continuous and more
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favorable than CO,. Formations of SO, and H,S were continuous. The
generation of NO started after 60 minutes of PAED treatment.

(6) The main elements of PAED treated sludge were O > Si > Al > Ca > Fe > Mg
> Na > K >Mn > Ti, minor elements were Mn > Ba > Sr > Cr > Br > Zn > As
>Sc>Th>Co>Sm>W > Dy > Co > Nd > Eu > Sb. The concentrations of
volatile elements in sediment such as C, S, Br, Cl and K decreased
approximately 100, 80, 90, 30 and 20% respectively. Two of the most
abundant elements, Al and Ca, decreased 1 and 2.5% in mass respectively.
The concentration of O increased more than 5% in all samples after PAED
treatment.

Thermal plasma wet sludge treatments were applied under two different
plasma operating modes: non-transferred and partial transferred modes. The

results show that:

(1) Treatment by thermal plasma under partial transferred mode was not
homogeneous, especially under anoxic environments. The upper part of the
treated sludge appeared darker in color. Under SEM images, wet sludge was
melted in partial transferred mode. The formation of unleachable slag might
be possible.

(2) The average reductions of total organic carbon (TOC) were 25 and 22% by
thermal plasma treatments at an argon flow rate of 35 L/min under non-
transferred and partial transferred modes, respectively. In general, the darker

part contains higher TOC percentages. The average reductions of TOC were

168



PhD Thesis —Oi Lun Helena Li McMaster- Civil Engineering

40%, 52% and 48% by thermal plasma treatments at an argon flow rate of 24
L/min under partial transferred mode with air flow rates of 0, 2.4 and 4.8
L/min, respectively. The reduction of TOC was most efficient with thermal
plasma wet sludge treatment under partial transferred mode, and reached its
maximum with argon and air flow rates at 24 and 2.4 L/min, respectively.

(3) Thirteen elements were detected by X-ray energy dispersion. The elements in
the untreated sludge were O > Si> Al>Ca>S>Fe>K>Mg>Na>Cu>C
> Ti > Cl. After thermal plasma treatment, the average weight percentages of
O, Si and Al decreased 40, 30 and 50%, respectively; while Ca and Fe
enriched 500 and 40%, respectively. No significant differences in elemental
concentrations were observed in thermal plasma treatment operated with
different modes. The elemental concentrations were also similar with
increasing argon flow rates. Variation of elemental concentrations was
apparent between the darker and lighter parts of sludge in anoxic
environments. Reduction of sulfur was only 10 - 30% in anoxic environments,
while carbon and sulfur were mostly reduced to zero in oxidizing
environments. The weight percentages of Si, K, Fe and O increased with
increasing air flow rates, while Ca and Cu decreased with increasing air flow
rates. Weight percentages of other major elements deviated within 10% with
increasing argon flow rates.

(4) Thirty two elements were detected by NAA where 27 elements were above

detection limits. Major elements (> 10000ppm) were Ca > Al > Fe > K > Mg
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> Na > Ti > Cl; minor elements (100 - 10000ppm) were Mn > Ba > Sr > Zn;
and trace elements (< 100ppm) were Mo >V > Cr > Br > La > As > Sc > Th>
As > Co > Dy > W > Sb > Eu. Most elements were similar in concentration
after thermal plasma treatments, with the exception of Zn, La, Co, Br and As.
Concentrations of Zn, La and Co enriched 90, 50 and 30% on average
respectively, while Br, W and As decreased by 80, 50 and 20% on average,
respectively. Concentrations of Mg and Fe enriched slightly with increasing
air flow rates, while concentrations of other major elements were quite
constant with increasing air flow rates. The difference of major element
concentrations is within 10% between anoxic and oxidizing environments.
The concentrations of minor and trace elements remained quite consistent
with increasing air flow rates except for a few elements. Enrichments of La,
Co and Nd were higher in oxidizing environments, while the concentration of
Ba was higher in anoxic environments.

(5) The major compositions of the original stormwater sludge were sand (SiO;)
and calcite (CaCOj;). The chemical compositions in sludge were quite
different after thermal plasma treatment. The average percentages of sand and
calcite decreased by 35 and 10% respectively, and weight percentages of both
compounds were at the lowest in anoxic environments. Other compositions
such as KAISi30g, Fes04, NaCl and CaSO,4 were formed after treatment. It is
surmised that chemical compounds were decomposed and re-combined under

thermal plasma treatments.
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(6) In anoxic environments, variation of elemental concentrations was apparent
between the darker and lighter parts of sludge. Darker particles consisted of
more NaCl, CaSO4 and Fe;Os. In addition, the darker particles were slightly
magnetic. The percentages of sand (Si10;) and calcite (CaCO;) were at the
lowest in anoxic environments, where similar percentages were found for
other compositions with increasing argon and air flow rates.

(7) Hydrocarbons, H,S, CO and NO were emitted continuously during thermal
plasma treatments. It was observed that the minimum CO, NO and NO; were
formed by thermal plasma in the argon-air environment, regardless of the
existence of organic and nitrate compounds in the sludge. The accumulated
CxHy, CO, NO and H,S were higher in partial transferred mode than those in
non-transferred mode. In anoxic environments, organic compounds were
mainly converted hydrocarbons. Generation of CO was most favorable under
an air flow rate of 2.4 L/min and the formation of CO, was most preferable
under an air flow rate of 4.8 L/min. Accumulated NO and NO, were at the
highest with air flow rates of 2.4 and 4.8 L/min, respectively. Accumulated
H,S and SO, were generated at the highest amount in anoxic environments,
and the least at an air flow rate of 2.4 L/min. Hydrogen gas was generated
from moisture and volatile organic compounds in sludge at the first 20

minutes of treatment.
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Thermal plasma treatment of dried PAED treated sludge under

partial transferred mode shows that:

(1) From the examination of SEM images, dried PAED treated sludge was not
melted in partial transferred mode. The percentage of TOC slightly decreased
from 8 to 7.5% after PAED treatment and was further reduced to 5.3% on
average after a thermal plasma treatment of two hours. The reduction of TOC
in wet sludge was 15% higher than that in dried PAED treated sludge with the
same argon and air flow rates.

(2) The accumulated concentrations of C Hy, CO, CO,, NO, NO,, H,S and SO,
after a two-hour treatment were 6100, 10000, 6200, 9700, 140, 40 and 27
ppm, respectively. Thermal plasma treatments of wet sludge generated more
gaseous by-products than those from dried PAED treated sludge with the
exceptions of CO and NO. Higher conversion of organics and sulfur
compounds and suppression of NOy formation into gaseous compounds were
observed in wet sludge. Formations of NO and CO were continuous, while
NO; was generated in small amounts when the oxygen level reached 4%. The
generations of CO, NO and NO, by thermal plasma were dependent on
oxygen levels.

(3) X-ray energy dispersion solid analyses show that elemental weight
percentages of Mg, Al, Si, K, Ti and Cu in dried PAED treated sludge were
higher than in wet sludge after thermal plasma treatment. In addition, carbon

and sulfur in PAED treated sludge were reduced. Concentrations of Si, Mg, Al
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decreased by 25, 30 and 60%, respectively; while Ca and Fe enriched by 400
and 25%, respectively. It is observed that elemental weight percentages in
dried PAED treated sludge were less deviated before and after thermal plasma
treatments.

(4) Weight percentages of sand (Si0O,), calcite (CaCO;) and rutile (TiO;) were
higher in dried PAED treated sludge, while weight percentages of CaCO4 and
NaCl were higher in wet sludge. Both weight percentages and compositions in
dried PAED treated sludge were less deviated before and after thermal plasma

treatments.

Based on the above results and observations, it is concluded that PAED
discharges in pond bottom water and sludge-water ionized liquid molecules and
resulted in high electron temperatures and plasma densities. Generation of UV-A
and radicals such as N, O3, OH, H and O were observed during the discharge
period. The system degraded organic compounds into CO,, CO and CyHy, and
converted sulfur and nitrate compounds into SO, H>S and NO. Volatile elements
such as Br and Cl decreased after treatment as well. Thus, contaminated sludge-
water and pond bottom water are safe to be discharged to receiving water bodies

after PAED treatments.

The reduction of TOC was highest and melting of particles was observed
in thermal plasma wet sludge treatments under partial transferred mode.

Concentrations of C and S were reduced to almost zero in oxidizing
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environments. Minimum productions of CO, CO, and NOyx were observed in
anoxic environments. The wet sludge was therefore decontaminated from harmful
chemicals. In addition, new chemical compositions such as KAISi;Og, Fe;Oy,
NaCl and CaSO4 were formed after treatment. Enrichment of valuable metals
such as Zn and Fe was observed and thus recovery of these metals might be
possible. This is a result of chemical compound decomposition and re-
combination under thermal plasma treatments. As such thermal plasma sludge
treatment can reduce TOC and degrade harmful organic compounds. It is
therefore recommended that sludge-water be first subjected to PAED treatment,
while the liquid portion is safe to be discharged into receiving water bodies, the
remaining solid portion can then be subjected to (without drying) thermal plasma

treatment under partial transferred mode for further decontamination.
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Chapter 8: Recommendations for Future Study

This work has shown that, for PAED sludge-water treatment, TOC in the
liquid portion was almost completely removed after 10 minutes of treatment. A
previous study also showed that 99% inactivation of bacteria was achieved with
PAED treatments of 10 minutes (Yantis et al., 2008). Based on these results, the
decontamination of sludge-water can be achieved within 10 minutes of PAED
treatment. Sedimentation of sludge particles was observed after PAED treatment.
The resulting solid components (PAED treated sludge) can be separated and
subjected to thermal plasma treatment for further decontamination. This may be

studied in the future.

Modifications of the ceramic plasma reactor for thermal plasma treatment
should be considered in future studies as well. The experiment results showed that
the melting of sludge only appeared near the surface area. Due to the low
conductivity of the sludge, limited current was transferred into the ground
graphite electrode. The treatment efficiency may highly increase by improving the
heat transfer and current transfer within the ceramic reactor. Although melting of
particles was observed after thermal plasma treatment, leaching test following the
toxicity characteristic leaching procedure (TCLP) should be conducted on the
thermal plasma-treated sludge. Depending on the leachability and material
strength, the treated sludge can be either recycled as building material or

landfilled (Legret and Pagotto, 2006).
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Enrichments of Zn and Fe were observed after thermal plasma treatment.
In anoxic environments, darker part was slightly magnetic. Solid analysis by XRD
also confirmed the formation of magnetite (Fe;O4). Thus, recovery of heavy
metals in stormwater sludge is another potentially feasible idea to reduce the cost
of treatment (Legret and Pagotto, 2006; Haugsten and Gustavson, 2000;
Izaumikawa, 1996). It is expected that greater adsorption of heavy metals is on
finer particles (Allan, 1986). This is in agreement with the observation of
substantially higher metal concentrations in the fine particle fractions of sediment
(< 45 um) in stormwater ponds (Marsalek et al., 1997). It is suggested that
stormwater sludge may be separated by mechanical sieving with an opening of 45
um. After PAED sludge-water treatment, the solid components can be subjected
to thermal plasma treatment in anoxic environment for higher metal recovery and
low gaseous by-product emissions. The thermal plasma treated sludge can be
crushed into powders, and the magnetic portion can be separated out by magnets.
The magnetic part may be further treated for metal recovery while the non-
magnetic part may be recycled as building materials or landfilled. As the organic
compounds in stormwater sludge are not sufficient to self-generate the power
needed for treatment, mixing of sludge with other high organic content solid
wastes is recommended. The mixed sludge can be subjected to thermal plasma
treatment in oxidizing environments for higher reduction of TOC and higher

emission of flue gases such as hydrocarbons, CO and CO,.
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The emission of toxic gases during the treatment is another major concern.
Significant amount of N, Cl and S components in stormwater sediment may be
converted to NOy, HCl and SOy in the treatment process. Conversion of CO to
harmless CO, should be included in the PAED and thermal plasma treatment
designs. Some gas control systems should be introduced at the exit. Selective
Catalytic Reduction (SCR) can be used to treat NOyx and SO, and calcium
injection can be used to eliminate HCl (Chang et al., 2005). High efficiency
particulate air (HEPA) filters can be inserted in the exit to capture volatile and
semi-volatile materials in the off-gas stream. Hydrocarbon in flue gas and
hydrogen gas can be used as a part of energy sources for power supply in the

treatment system.
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Appendix A: Table of Element Toxicities

Table A- 1 Element Toxicities (Ara et al., 2005)

McMaster- Civil Engineering

Element Abbreviation | Toxicity
Aluminum  |Al Low

Arsenic As High

Barium Ba High

Bromine Br Medium
Calcium Ca Low

Chlorine Cl Medium-High
Cobalt Co Medium-High
Chromium  |Cr High
Dysprosium |[Cy Medium

[ron Fe Low
Potassium K Low
Lanthanum |La Low-Medium
Magnesium Mg Low
Manganese  (Mn Low
Molybdenum (Mo Low

Sodium Na Low
Neodymium [Nd Medium
Rubidium Rb Low-Medium
Sulphur S Medium-High
Antimony Sb High
Scandium Sc Low
Samarium Sm Low-Medium
Strontium Sr Low

Thorium Th High
Titanium Ti Low
Vanadium \% Medium-High
Tungsten W Mediuim

Zinc Zn Medium-High
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Appendix B: Table of Element Volatility

Table B- 1 Element volatilities (Klein et al., 1975; Quann et al., 1982)

Class | Characteristics Boiling Point Elements
(including oxides) °C
1 Non-Volatile > 1500 Al, Ca, Co, Cr,
Cs, Eu, Fe, K,
La, Mg, Na,
Rb, Sc, Sm, Sr,
Tn, Si, Ti
2a Volatile Condensable: > 1200 As, Cd, Pb, Sb,
Ti, Zn
b Volatile Condensable: more Ba, Cu, Ge,
volatile than 2a, enrichment Mo, Mn, Ni, P,
in particulates Rb, Sr, U, V, W
3 Volatile, emitted in gas Very low B, Br, CL, F,
phase Hg, 1, Se, S
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Appendix C: Plasma Torch Current — Voltage Characteristics
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Figure C- 1 Plasma torch current-voltage characteristics (Khalaf et al. 2008)
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Appendix D: Axial Averaged Argon Plasma Temperature in
Plasma Torch
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Figure D- 1 Axial Averaged argon plasma temperature observed by optical
emission with Boltzmann methods (Khalaf et al. 2008)
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Appendix E: Images of Treated Sludge
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Figure E- 1Treated sludge by thermal plasma treatment under partial transferred
operation mode at argon flow rate of 35 L/min after two hours of treatment (P =
1.7kW)
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Figure E- 2 Treated sludge by thermal plasma treatment under partial transferred
operation mode at argon flow rate of 35 L/min, air = 4.8 L/min, after one hour
treatment (P=1.9kW)
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Figure E- 3 SEM image of treated sludge by thermal plasma treatment under
partial transferred operation mode at argon flow rate of 35 L/min after two hours
of treatment (P = 1.7kW, Magnification = 5000)

= e [ T™3

Figure E- 4 Treated sludge by thermal plasma treatment under partial transferred
operation mode at argon flow rate of 35 L/min, air = 4.8 L/min, after one hour
treatment (P = 1.9kW, Magnification = 5000)
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Appendix F: Mortality of Virus, Bacteria by Pressure Rises

Mortality and Injury of Fishes and Bacteria Dus 10 Expleaive impuies (iledified from Yelverton, 1981)
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Figure F- 1 Mortality and injury of fishes and bacteria due to explosive impulses
(Yelverton, 1981)
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Appendix G: Detection Limits for Neutron Activation Analysis
(NAA)

Table G-1: Detection limit for NAA

Element | Detection Limit
Al 10
As 0.5
B 3

Ba 40
Br 2

Ca 1000
Cd 1

Cl 10
Co 1

Cr 1

Dy 0.3
Eu 0.5
Fe 1000
Ga 10
Gd 1

1 10
K 1000
La 0.1
Mg 300
Mn 1
Mo 5

Na 10
Nd 1

S 5000
Sb 0.1
Sc 0.1
Sm 0.1
Ti 200
Th 0.3
\% 0.5
AL\ 4 1

Zn 100
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