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Quantification of Mineralogical and Amorphous Species in
Chromium Ore Processing Residue

T. ALEXANDER BOECHER'-*, JAMES M. TINJUM, PE, Ph.D.2 and XU, HUIFANG, Ph.D.3
!TRC Environmental Corporation, Grand Rapids, MI
’Engineering Professional Development, University of Wisconsin-Madison
3Geology and Geophysics, University of Wisconsin-Madison

phases in COPR and likely sinks for Cr(VI).

ABSTRACT: Chemical and mineralogical quantification was performed on solid remains
resulting from chromite ore processing (COPR) and for creating a material balance for
better characterizing amorphous content (typically > 30% by weight). X-Ray diffrac-
tion, X-Ray fluorescence, and thermogravimetry were performed on unweathered and
weathered COPR to quantify mineralogy, chemistry, amorphous content, and volatiles.
Brownmillerite and several trace minerals found in unweathered COPR were converted
to hydrated minerals including hydrotalcite, hydrogarnet, and CAC (chromium-bearing
hydrocalumite) in weathered COPR. Aggregation of mineralogy, chemistry, sequestered
volatiles, in situ pH, and Cr(VI) content of COPR permitted prediction of amorphous

INTRODUCTION

TUDY of the microstructure and chemical parti-

tioning in complex industrial byproducts such as
COPR is essential for tailored and effective manage-
ment of potentially hazardous constituents. COPR is
a byproduct of the processing of chromite ore process
used for production of chromate salts [1] which are
used in several industrial processes including tanning
and electroplating [2]. Prior to 1976, hundreds of mil-
lions of kilograms of COPR were used as structural
backfill in unlined and unregulated sites along the east-
ern seaboard of the United States. Since 1976, COPR
has been classified as a hazardous waste by the EPA
[3] and disposal has been governed by Resource Con-
servation and Recovery Act (RCRA) regulations [4].
Legacy sites, largely in New Jersey and Maryland, re-
quire continued attention. Two main issues have been
at the forefront of COPR research: leaching of hexava-
lent chromium (Cr[VI]), a hazardous chemical [5,6,7],
and expansion of COPR as a result of thermodynamic
instability resulting from the mineralogy [8,9,10].

Historically, chromite ore ([Mg,Fe][Cr,Al Fe],0,)
was processed domestically using a process known as
'high-lime'. Soluble chromate salts are extracted from

*Author to whom correspondence should be addressed.
E-mail: ABoecher@trcsolutions.com

chromite ore through a roasting process which pro-
motes oxidation of mineralized trivalent chromium
(Cr[II1]) to aqueous Cr(VI). During the ‘high-lime’
process, crushed chromite ore is mixed with lime (CaO)
and soda ash (Na,CO;) and roasted at 1200°C [1,11].
This method is no longer used in the United States but
has seen continued use in Russia, China, India, and
Pakistan [11]. After extraction of soluble chromate
salts via counter-current leaching sequences, residue
is comprised of several high-density and thermody-
namically unstable mineral phases known as “parent
minerals” [1]. These minerals include brownmillerite
(Ca,[Fe,Al],0O5), periclase (MgO), and excess lime
(CaO) [4]. Under suitable pH, temperature, and mois-
ture conditions COPR begins a complex series of reac-
tions breaking down the predominant mineral, brown-
millerite, into hydrogarnet and several other hydration
products most of which are layered double hydroxides
[12,13]. Growth of these brownmillerite hydration de-
rivatives are influenced by original COPR composi-
tion, dissolved ions in pore fluid, pH, and depth relative
to water table as well as other environmental variables
[9,14,15,16]. The process of incorporating CO, and
H,O into mineral structures and subsequent induration
are referred to collectively as the weathering process-
es. As weathering progresses in COPR go there is a
change in specific gravity (G 3.09 to 2.81) as brown-
millerite (G, 3.76) breaks down into hydrated products
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(G, 1.33, 2.10) [17]. A decrease in G corresponds to
an increase in bulk volume if available porosity does
not accommodate mineral expansion and as hydration
progresses COPR can theoretically increase in volume
by 10% or greater [8,9,14]. At least two studies have
linked formation of ettringite, a sulfate-based mineral
commonly found in cements, and calcium aluminum
chromates (CACs) to swelling of COPR [9,14]. Mac-
ro-scale expansion causes millions of dollars of dam-
age to underground utilities, asphalt caps, and building
foundations at COPR fill sites worldwide [10].

Once COPR undergoes an appreciable amount of
weathering lithification/cementation and mineralogy
merit divide COPR into two categories granular grey-
black (GB) and indurated hard-brown (HB) COPR
[18]. GB COPR which is largely unchanged from
the original byproduct is mineralogically composed
of the high-temperature minerals brownmillerite and
periclase, is granular, and has few hydrated minerals
[4,10,19]. As weathering progresses, COPR indurates
or hardens, turns a strong-brown or yellowish-brown
color, and is designated HB COPR. HB COPR is
strongly indurated containing an elevated Cr(VI) con-
tent [20] and has undergone significant mineralogical
changes [4,8,9]. During this transformation process,
amorphous or non-crystalline content rises dramatical-
ly in COPR. These phases cannot be detected by stan-
dard XRD quantification. Amorphous content exceeds
45% w/w in HB COPR alone. This segment of COPR
chemistry has been largely ignored or marginalized in
the literature but it may play a significant role in COPR
expansion. Quantification of mineral and amorphous
phases in COPR is an essential step for understanding
how the material behaves in situ and for predicting fu-
ture behavior and possible mitigation strategies.

COPR leaches Cr(VI) which may cause further
complications especially at unlined fill sites. Rate of
leaching depends on original concentrations, miner-
alogical uptake, pH, and several other environmental
conditions [21]. Hexavalent chromium is a known car-
cinogen and exposure to human and biological commu-
nities via groundwater, surface water, and other path-
ways is of great concern [3,6]. Chromium metal occurs
naturally in both hexavalent and trivalent forms [2].
Chromium is oxidized during industrial processing of
chromite ore and leaches out as soluble chromate salts,
and the process leaves unreacted chromite and remnant
chromate [1,11,22]. Cr(IlI) is non-toxic and sparingly
soluble because common chromium hydroxide com-
pounds precipitate from solution which reduces leach-
ing potential [22]. Cr(VI) adsorption to reductive soil

minerals such as goethite, kaolinite, montmorillonite,
and free colloids of ferric iron is likely at low pH but
adsorption is unfavorable at high pH conditions (pH >
11) of COPR [22,23,24,25]. Chrysochoou et al. (2009)
[26] found associations in COPR between amorphous
iron compounds and Cr(VI) using several micro-ana-
lytical techniques. Trivalent concentrations are gener-
ally twice that of Cr(VI) in COPR [19] while total Cr
content in COPR has been reported as high as 8% by
weight and typically is 3-5% [19,27,21]. Chromite ore
is processed for oxidizing naturally occurring Cr(III)
into Cr(VI) because of its high solubility and subse-
quent extractability [1,11]. Cr(IIl) is sparingly soluble
and does not readily oxidize in low pH soils (i.e., pH <
5) [2]. In situ Cr(IIl) is associated with minerals such
as goethite or organic matter depending on soil pH
[2,7,28]. Solubility and availability of Cr(VI) in COPR
determines extent to which the metal is integrated into
mineral structures.

Results are presented of quantification of mineral
forms in COPR. These amorphous compounds make
up between 30 and 50% of COPR by mass and min-
eralization of CO, and H,O supports identification
of weathering-related minerals and amorphous com-
pounds. Minerals connected with these weathering
compounds may be associated with COPR expansion.
Furthermore, characterization of amorphous content is
presented with mass balance of COPR. Mass balance is
instrumental for understanding availability of chromi-
um and other elements in COPR and how they change
with weathering. Mass balance is supported by mul-
tiple experimental techniques including quantitative
X-Ray diffraction (XRD), X-Ray fluorescence (XRF),
and thermogravimetry.

MATERIALS

COPR was obtained from a fill site in Maryland,
United States. Twelve samples were collected from the
vadose zone (i.e., unsaturated and aerated zone above
the water table) and identified as GB or HB based on
color, specific gravity, and degree of cementation based
on a classification system developed by Tinjum ef al.
[18]. GB COPR was classified (ASTM D2488) as a
medium- to coarse-sized (i.e., 0.1 to 3 mm) sand with
occasional hardened nodules (diameter = 0.5 cm). HB
COPR was highly lithified with an observed coloring
of 10YR 5/6 on the Munsell scale. Samples were sealed
on-site to preserve in situ moisture conditions and to
prevent contamination. During sample collection HB
COPR was observed in thin layers occurring between
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wider GB layers. HB layers were in the vadose zone
above or at the water table allowing for more regular
exposure to the atmosphere. Physical characterization
of COPR included specific gravity (ASTM D854-06
Method B) [17], grain size distribution (ASTM D421)
[17], and visual analysis. Average G, for GB and HB
were 3.091 and 2.806, respectively, which are within
a standard range reported in the literature [18,29]. A
GSD was not performed on HB COPR because indura-
tion has fused particles making this test irrelevant [18].
The pH of COPR is highly alkaline (pH > 11) for both
GB and HB COPR [21].

EXPERIMENTAL
Bulk Chemical Analysis

COPR specimens were analyzed using XRF quan-
titative analysis under contract with ALS Chemex.
The ‘Whole Rock’ analytical method was used and
specimens were analyzed in duplicate. Five grams of
each sample were prepared using 24 h air-dry desicca-
tion followed by grinding of the material to < 75 pm.
Loss-On-Ignition (LOI) tests (ASTM D 7348-08) were
performed as a part of the Whole Rock method. XRF
tests were conducted on remaining material. A COPR
sample (0.9 g) was added to 9.0 g of lithium borate
flux (50/50 Li,B,O, — LiBO,), mixed well, and fused
in an auto fluxer at 1100°C. A flat molten glass disc
was prepared from the resulting melt and analyzed by
XRF spectrometry [30].

Oxidation state for each element was assumed to be
the most common lowest state with the exception of
Fe?" and Fe'. A weight return of less than 100% indi-
cates some trace elements were not detected.

Mineral Phases

X-Ray diffraction analysis was performed on COPR
to determine the most prevalent mineral structures. A
standard specimen preparation method was designed
for this experiment based on a recommended practice
for COPR [4,18,31,32]. Specimens were placed in a
dessicator for 24 h, hand-ground to pass a 75 um sieve,
and mixed with 20% by weight corundum (Al,O;) for
quantitative analysis. X-ray diffraction analyses were
carried out using a Scintag Pad V Diffractometer (Cu
Ko radiation). The Scintag diffractometer was oper-
ated at 45 kV, 40 mA with Cu Ka radiation and used a
2 mm divergence slit, 4 mm incident scatter slit, 1 mm
diffracted beam scatter slit, and 0.5 mm receiving slit.

Each sample was placed in a 2 mm deep square speci-
men well and scanned at 0.02° steps between 5° to 65°
20 with a 2 s dwell. Samples were scanned within 48 h
desiccation to minimize crystal dehydration.

Quantitative XRD analysis was performed using
a Rietveld Whole Pattern Fitting (WPF) function in
Jade 9.0. Phase quantification of GB and HB COPR is
complex and in some cases user-biased due to varying
number of phases, amorphous content, and high iron
content. Corundum was added as an internal standard
for calculating the weight fraction of amorphous con-
tent and relative weights for each crystalline phase.
Jade 9 uses relative intensity of peaks for an individual
phase in reference to a corundum standard and experi-
mentally determined relative intensity ratios (RIRs) for
determining relative weight ratios. The International
Center for Diffraction Data database (ICDD) was used
for phase identification using Jade [33]. Table 1 dis-
plays mineralogical phases identified in COPR along
with their respective PDF numbers and chemical for-
mulae.

Thermogravimetric analysis (TGA) was performed
by Edison Analytical Laboratories Inc. on a TGA2950
Thermogravimetric Analyzer (TA Instruments) [34]. A
non-reactive atmosphere of nitrogen was used during
the test to prevent any secondary reactions occurring
with COPR specimens and thus adding mass. There is
significant weight loss and as an example Ca(OH), de-
composes into CaO when normal ambient atmospheric
air is used. If CaO is exposed to CO, decomposition
will be followed by a second reaction as CaO and CO,
react to form calcium carbonate [35]. The tempera-
ture program was a linear ramp from 30°C to 900°C at
10°C/min with data collection at 1 Hz. Specimens were
held in platinum TGA pans. Mass spectra were taken
every ten minutes during analysis with the purpose of
identifying H,O and CO, off-gassing.

Amorphous Content Analysis

A chemical profile of amorphous content in COPR
was constructed by combining information from sev-
eral different tests. XRF provides a breakdown of to-
tal elemental content in COPR by oxide weight while
TGA provides liberation temperature and degree of
crystallinity of low atomic number elements of the
LOI. Quantitative XRD provides a breakdown of total
elemental content held in crystalline form. Determin-
ing oxide content of amorphous content consisted of
subtracting oxide weight determined via XRD from
total oxide content of COPR determined by XRF. Sev-
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Table 1. Mineralogical Phases in COPR.

PDF Number
Parent Minerals (i.e., minerals present in chromite ore roasting process) (ICDD) [33] Chemical Formula
Brownmillerite 71-0667 (Ca0),(Fe,Al),04
Periclase 71-1176 MgO
Portlandite 44-1481 Ca(OH),
Lime or quicklime (added) 37-1497 CaO
Pure Hydration Products (from Brownmillerite)
Hydrogarnets 77-0240 (Ca0);A1,05(H,0)g
Hydrotalcites 35-0965 (MgO)g(Al,05)C0O,#13.5H,0
Calcium Aluminum Chromium Oxide Hydrates (Cr-bearing hydrocalumite) 42-0063 Ca,Al,04(CrO,)*nH,0

48-0066 n=9,12,14,32

In addition, amorphous phases are present but not listed.
Other Hydration and Related Products (i.e., those containing Chromate, carbonate)
Brucite (hydration of periclase) 07-0239 Mg(OH),
Portlandite (hydration of lime) 44-1481 Ca(OH),
Calcite (by water/air infiltration) 05-0586 CaCOg4
Non-COPR Products
Quartz (e.g., sand in soil) 46-1045 SiO,

eral hypotheses were made as to the chemical struc-
ture of the amorphous content based on environmental
conditions found in COPR including a pH > 11, stan-
dard temperature and pressure, and moderate levels
of Cr(VI) in the leachate (50 ppm). TGA analysis was
used to substantiate these hypotheses.

RESULTS AND DISCUSSION
Bulk Chemical Composition

Table 2 summarizes results from the quantitative
XRF analysis. Major components were oxides of Ca,
Fe, and Al which are typically found in COPR due to
mineralogy of chromite ore and addition of CaO dur-
ing processing [5,26]. Twelve samples were analyzed:
6 GB COPR and 6 HB COPR specimens. The most
abundant metals in COPR are Ca, Fe, Al, Cr, and Mg.
GB and HB COPR have similar concentrations of
these main metals. However, HB COPR metals’ con-
centrations may be diluted by additional CO, and H,O
sequestered during induration. These same five metals
have been discovered to be major constituents at many
COPR sites [4,10,19]. When metal concentrations are
corrected to account for difference in LOI, concentra-
tion difference between GB and HB is small (< 2%).
Similarity between elemental chemistry of GB and HB
COPR indicates no appreciable transfer of elements
out of the COPR system through the weathering pro-

cess. Recrystallization or limited mass transfer via se-
lective leaching may prevent material movement.

XRF mapping was performed on a sample of HB
COPR (See Figure 1) using a scanning electron micro-
scope in addition to bulk XRF analysis. The goal was
to observe distribution of elements throughout COPR
and qualitatively understand composition of observed
interparticle crystal growth. The COPR particle was
predominantly calcium and aluminum with nodules of

Table 2. Bulk Chemistry from XRF Analysis
(all data reported in wt.%).

GB HB

Average S.D. Average S.D.
SiO, 3.51 0.23 1.64 0.42
Al,O4 11.94 0.16 10.96 0.30
Fe,O4 21.28 0.21 17.91 0.88
CaO 36.85 0.70 29.35 0.88
MgO 8.29 0.24 6.13 0.29
Na,O 0.58 0.1 0.09 0.03
K,0 0.01 0.01 0.02 0.01
Cr,04 2.85 0.65 2.84 1.04
TiO, 0.44 0.01 0.33 0.01
MnO 0.12 0.01 0.09 0.01
P,05 0.01 0.01 0.01 0.00
SrO 0.01 0.00 0.01 0.00
BaO 0.01 0.00 0.01 0.00
CO,/H,0 12.42 0.87 28.93 1.64
Totals 98.3 98.3
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Figure 1. XRF map of HB COPR relic grain surrounded by hydrated mineral crystals. Base image (a) with overlays of (b) chromium, (c) iron,

and (d) calcium. Overlays are not normalized.

iron and magnesium found near the core. While calci-
um and aluminum were found to migrate out of COPR
particles as seen by calcium-aluminum-based interpar-
ticle mineral growth, iron and magnesium were found
almost exclusively within the core of COPR particles.
This observation suggests these minerals are calcium-
aluminum-based hydrated minerals regularly observed
in HB COPR.

Importance of these interparticle minerals to COPR
remediation efforts is underscored by the observation
that relatively chromium resides almost exclusively in
new mineral growth. Hexavalent chromium has been
previously observed migrating from COPR particles in
layers of GB and concentrating in HB COPR layers
[21]. High concentration of Cr(VI) within these miner-

als suggests an explanation for elevated Cr(VI) content
in HB COPR relative to GB COPR.

Mineral Phase Quantification

Table 3 reports quantitative results for 20 GB COPR
and 10 HB COPR specimens from different sample
buckets obtained from the study site. Over 40% w/w
of GB COPR was brownmillerite. Hydrogarnet, hy-
drotalcite, and CAC were the most prevalent hydration
products derived from brownmillerite which is con-
sistent with the literature [4,20]. An XRD pattern of
GB COPR is displayed in Figure 2. Ettringite has been
reported at COPR sites [14] but was not found in any
GB or HB COPR specimens in this study. Ettringite
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Table 3. Average Bulk Mineralogy from XRD Analysis
(all data reported in wt.%).

GB (20 samples) HB* (10 samples)

RIR  Average S.D. Average S.D.
Brownmillerite  1.32 41.9 3.0 n.d. 0.0
Hydrogarnet 1.36 9.0 2.2 15.9 71
Portlandite 1.4 1.6 2.3 n.d. 0.0
Periclase 2.4 1.9 0.3 n.d. 0.0
Brucite 21 1.8 0.5 3.1 1.1
CAC-nH,O 2.0 6.1 1.7 124 9.2
Hydrotalcite 2.0 3.6 3.6 17.5 5.5
Calcite 2.0 1.9 1.0 3.5 1.1
Amorphous 30.5 2.8 46.3 16.1
Totals 98.4 98.6

*n.d. not detected

has also been reported as a common phase in COPR
treated with sulfate-based reductants [6,14]. Although
these XRF analyses did not determine sulfate concen-
trations, here COPR lacked sulfate (XRF weight per-
centage > 98%) needed to produce significant amounts
of ettringite. Acid digestions further demonstrated that
no appreciable sulfur was present to create ettringite

T.A. BOECHER, J. TINJUM and H. XU

[21]. Therefore, it is unlikely that sulfate-based miner-
als such as ettringite are the cause of large-scale expan-
sion at this COPR as postulated in previous literature
[14] unless sulfur is injected as a remedial treatment.

Quantitative assessment for HB COPR provides a
more difficult challenge due to the wide range of simi-
larly structured hydration products and varying degrees
of crystallinity [19,36]. An XRD pattern of HB COPR
is provided in Figure 3. There were several hydration
products detected in GB and HB COPR including
CAC-9, CAC-12, CAC-14 as well as various Mg- and
Al-based hydrotalcites. Calcium aluminum chromates
were grouped under a single ‘CAC’ label for quantifi-
cation since they have similar structure with a varying
degree of hydration [4]. Overlapping peaks between 8°
and 12° 20 were identified by limiting ability of the
quantification software to modify lattice constants and
thus narrowly defining each peak width. These peaks
were subsequently identified as CAC-9, CAC-12, and
hydrotalcite.

Several techniques were attempted to increase ac-
curacy of HB COPR quantification. One hypothesis
was that hydrated minerals dehydrated during speci-
men preparation and handling interfered with accurate

BM
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Figure 2. XRD pattern of GB COPR (BM: Brownmillerite; Per: Periclase; CAC: Calcium Aluminum Chromate 9 or 14; Br: Brucite; HG: Hydro-

garnet; Co: Corundum standard).
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Figure 3. XRD pattern of HB COPR (BM: Brownmillerite; CAC: Calcium Aluminum Chromate 9 or 14, Br: Brucite; HG: Hydrogarnet; Co: Co-

rundum standard).

quantification. To evaluate this hypothesis, a sample of
HB COPR was scanned immediately after preparation,
stored in a dessicator, and again scanned seven days
later. Results of the second scan showed the maximum
peak intensity for CAC and hydrotalcite were reduced
by at least half while no other peaks gained intensity.
A plausible explanation is that as minerals dehydrate
crystal quality degrades such that the crystal is less
likely to produce a strong XRD peak [37]. Gradual
degradation of hydration products may also explain
large standard deviations reported in literature regard-
ing mineralogy of HB COPR [4,10].

Another attempt to increase accuracy of HB quan-
tification was to modify the RIR value of hydrated
products to better approximate relative quantities for
each mineral. The reported RIR value for hydrotalcite
and CAC-9 are 0.0 and 0.9, respectively [33]. These
minerals produce very strong low-angle peaks which
are disproportionate to their actual concentration in HB
COPR complicating any phase quantification. Chryso-
choou et al. (2007) compared literature RIR values for
CAC minerals and highlighted disparate values report-
ed for similarly structured CAC-9, CAC-12 and CAC-

14 which are 0.9, 1.0, and 3.0, respectively [4,33]. RIR
value for the Chrysochoou study was set by determin-
ing total chromium content via XRF and determining
how much CAC can exist in a given sample of GB
COPR. That same methodology was applied to this
study. CAC limit was 11.6% w/w measured via XRF
calculations and using literature RIR values CAC was
17.7% w/w. The RIR for all CAC phases were made
one value and that one RIR was manipulated until cal-
culated CAC weight fell below the feasible CAC limit.
RIRs used for all minerals is presented in Table 1.

These methods for improving HB quantification are
necessary for quantification of overlapping phases in
COPR. Quantification of mineral phases via XRD is
less accurate when dealing with multi-phased materials
such as COPR and should be regarded as marginally
accurate when dealing with such a diverse material as
COPR. Multiple lines of evidence towards phase quan-
tification will prevent a mineral from being overrepre-
sented in a particular sample due to an inaccurate RIR
value or preferred orientation. Any use of quantitative
XRD data of COPR should incorporate supplemental
tests to collaborate identified phases.
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Thermogravimetry

Results for TGA analyses are displayed in Figure
3(a) and Figure 3(b). Many GB and HB COPR libera-
tion peaks occur at similar temperatures, specifically at
80°, 200°, 350°, and 700°C, but HB consistently dis-
plays greater weight losses at each liberation event thus
confirming XRF results that more volatiles exist in HB
than in GB. The LOI for GB and HB COPR were 9.9
and 29.6 weight %, respectively. During the TGA test,
ion chromatograms for H,O and CO, were produced
(See Figure 5). Major contributors to LOI were H,O
and CO, which comprised over 97% of total liberated
ions in both GB and HB COPR. Thus, other volatiles
incorporated in COPR minerals are present in trace
amounts.

GB and HB COPR produced five separate dehydra-
tion events all of which occurred under 400°C. These
peaks may be attributed to various hydration prod-
ucts of brownmillerite, mainly LDHs and CACs [36].
Both samples also had measureable loss of H,O under
100°C. Due to ambient temperature degradation of HB
COPR in the XRD study this likely includes unbound
pore water in addition to dehydration of CAC miner-
als and poorly-formed hydrotalcites. Dehydrations at
80°C, 280-300°C, and the small event at 420°C are
attributed to a Mg/Al hydrotalcite [36]. Similar TGA
studies suggest the entire dehydration from 100°C
to 400°C is from LDHs and Brucite-type sheet clays
[35,36]. XRD confirms that LDHs exist in these speci-
mens in the form of hydrogarnet, brucite, and hydro-
talcite. Furthermore, increased magnitude of these
particular hydration peaks in HB COPR suggests the
hydration taking place during weathering of GB COPR
produces LDHs in HB COPR such as hydrogarnet,
brucite, and CAC.

Two dehydration events not associated with LDHs
occurred at 150°C and 350°C. At 150°C a peak occurs
in HB that is not replicated in GB. The only known
mineral associated with COPR which dehydrates at
this specific temperature is chromatite (CaCrO,) [35]
which was not detected by XRD. Furthermore, chro-
matite loses additional mass between 500-550°C
which is not seen in this TGA analysis [35]. The most
likely explanation is an amorphous phase precipitated
with pore fluid and retained water. The second event at
350°C was attributed to Portlandite, a phase apparent
in the XRD patterns.

Decarboxylation occurred in two distinct events. A
small mass loss occurred at 400°C and a larger event
occurred between 675°C and 725°C. Calcite and hy-

drotalcite are the only carbon-bearing minerals identi-
fied in COPR material and hydrotalcite does not release
carbon in the temperature range that this loss observed
[36]. Amount of Mg in COPR limits the amount of
CO, held in hydrotalcite to under 1% bulk weight [38].
Thus, calcite (CaCOs;) is the likely source of this de-
carboxylation event. The larger mass loss is attributed
to a release of CO, from (CaCOj;). The trailing edge in
the decarboxylation mass loss as seen in Figure 4(b)
is likely due to poorly crystallized calcite while con-
centrated mass loss is due to highly crystalline calcite
[15]. Material undergoing transition from amorphous
to crystalline generally has a lower reaction tempera-
ture than highly crystalline material [35] which mani-
fests itself in the larger peak width of the calcite decar-
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Figure 4. (a) Liberation of CO, and H,0 volatiles from GB COPR via
TGA during linear temperature ramp from 30°C to 900°C. (b) Libera-
tion of CO, and H,O0 volatiles from GB COPR via TGA during linear
temperature ramp from 30°C to 900°C.
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boxylation. Total loss of CO, in GB COPR was 2% by
weight. Using stoichiometry the theoretical weight of
CaCOs in this sample should be 4.5%. This is similar
to the XRD results (See Table 3) which indicated a cal-
cite concentration of 3.2% by weight.

Amorphous Phases

COPR is similar in many respects to Portland ce-
ment—basic pH, similar ion composition, and propen-
sity to hydrate [9,15,39]. Similarities between COPR
and cement were used to predict types of amorphous
phases in COPR because phases of amorphous content
were not analyzed directly. A mass balance has been
used to create upper bounds for CAC and calcite con-
centrations and may be applied similarly to estimate
amorphous content. Table 4 displays the mass balance
of COPR with respect to amorphous material. Mass
balance of amorphous content was produced by tak-
ing the weight contribution of each oxide determined
by XRF and subtracting weight contribution of each
mineral phase determined by XRD. Mass not account-
ed for by the XRD analysis is taken as an amorphous
phase. Mass balance was then used to postulate what
compounds may exist in amorphous content. Three
possible sources of amorphous compounds include:

1. Melted residue from the roasting process
2. Precipitation from leachate

3. Semi-crystallized (gelled) hydration products of
brownmillerite

Iron is commonly found as an amorphous phase es-
pecially in roast materials such as COPR that have been
subjected to high temperatures [1]. FeO(OH), FeO, and
ferihydrite compounds are byproducts in iron-contain-
ing materials roasted above 1600°C and may account
for a significant fraction of amorphous iron found in
this material. Iron oxide granules were observed via
SEM but crystal structure was not examined. Amor-
phous compounds may be an important sink related
to transport of Cr(VI). Tinjum et al. 2008 discusses
implications of chromium adsorption to iron minerals
such as goethite and magnetite and although neither
magnetite nor goethite were found via XRD chromi-
um adsorption is not dependent on structure. Rather,
it is dependent on the valency of iron and pH [25,28].
Goethite and magnetite represent Fe(Il) and Fe(III) va-
lence states of iron and both minerals have been found
to adsorb chromium by reduction and immobilization
[25,28]. Furthermore, magnetite was found to precipi-

tate an iron chromium compound [28]. At the extreme-
ly basic pH levels normally associated with COPR (pH
= 12.5), precipitation of Cr(Ill) compounds via mag-
netite or goethite reduction was predicted to be negli-
gible [40]. Chrysochoou (2009) performed p-XANES
analyses on COPR material and found a possible cor-
relation between amorphous iron-rich oxyhydroxides
and Cr(VI) hotspots [26].

Calcium compounds which compose the largest
fraction of the amorphous content (See Table 4) may
originate via pore fluid precipitation and from degra-
dation of brownmillerite. The gradual decarboxylation
peak (See Figure 4) in both types of COPR indicates
amorphous and semi-crystalline calcite exist. Hydra-
tion products of brownmillerite are also a plausible
source of amorphous calcium compounds because
these transition phases are poorly crystalline. During
the hydration process several intermediate products
develop most of which are undetectable via XRD [10].
Appreciable amount of CAC and hydrogarnet found in
the GB COPR in this study indicates that brownmil-
lerite has undergone some hydration in the GB COPR
but a cementation phase characteristic of HB COPR
is not prevalent. The large fraction of hydrated prod-
ucts in GB COPR suggests an equally large amount

Table 4. Mass Balance of GB and HB COPR
Crystalline and Amorphous Content
(all data reported in wt.%).

GB COPR
Crystalline Amorphous *Total

CaO 26.5 10.4 36.9
Fe,O4 17.6 47 21.3
Al,O4 9.5 24 11.9
MgO 46 3.7 8.3
Cr,04 1.1 1.8 2.9
SiO, 35 0.0 3.5
CO,/H,0 7.5 4.9 12.4

67.7 26.0 97.2

HB COPR
Crystalline Amorphous *Total

CaO 11.2 18.1 29.4
Fe,O4 3.0 14.9 17.9
Al,O4 7.4 35 11.0
MgO 6.1 0 6.1
Cr,04 20 0.8 2.8
SiO, 0 1.6 1.6
CO,/H,0 15.8 13.1 28.9

45.5 52.0 97.7

*From XRF Analysis
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Figure 5. lon chromatograms for H,0 and CO, liberated from COPR samples; (a) GB and (b) HB COPR. Abundance is measured in molecules

counted. Note different scale in Figure 3(b).

of amorphous transition phases which likely dominates
the amorphous mass.

The study of COPR by multiple and supporting lines
of analytical techniques (XRD, XRF, SEM, and TGA)
has provided information about crystalline chemistry,
amorphous chemistry, and sources of H,O and CO, in
COPR of both the GB and HB variety. This paper has
identified and quantified major mineral phases in COPR
including brownmillerite and hydrated phases believed
to be central in expansion processes of COPR [10,32].
The amorphous phases in COPR which account for ap-
proximately half of the material bulk mass include iron
oxyhydroxides, intermediate stages of brownmillerite
hydration, and semi-crystalline precipitates. At least
one class of compounds in the amorphous content,
iron oxyhydroxides, has potential to reduce hexavalent

chromium and mitigate leaching. Use of TGA in the
study of COPR mineralogy provided an independent
and complementary testing method with low user bias.
TGA has provided a way to qualify otherwise poten-
tially biased XRD results of COPR by providing limits
on mineral abundance based on hydration and carbox-
ylation.
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ABSTRACT: Oil base drilling fluid has received increasing attention due to its use in
deep wells and complex well drilling operations. However, it produces a considerable
amount of environmental pollution while drilling operations are completed. Solid-liquid
separation is one of the most widely used technologies for pretreating waste oil-based
drilling fluid. When waste oil-based drilling fluid is pretreated by this technology liquid
phase may be used to reconfigure oil-based drilling fluid. However, innocent treatment
has to be carried out on remaining residue (i.e., oily cuttings) to meet well field envi-
ronmental concerns. Technologies for processing oily cuttings such as bioremediation,
de-emulsification, and landfill freezing have been studied at home and abroad. Each
method has certain limitations such as a long biological repair time, high demand for
landfill sites, critical conditions for freezing, and potential secondary pollution produced
by de-emulsifying. This work seeks to describe a highly efficient degreasing agent
named CYJ-12 developed based on characteristics of oily cuttings. Oil removal from oily
cutting surfaces and harmless disposal of oily cutting were accomplished by concerted
actions of an anionic surfactant, a non-ionic surfactant, solvents, and a soft agent in
combination with advanced separation equipment. Oil removal rate reached more than
90%. The oil removal mechanism of CYJ-12 was analyzed using infrared spectroscopy,

gas chromatography, and liquid chromatography.

INTRODUCTION

THE number of branch wells and horizontal wells
is increasing in oil and gas exploration and in the
development process. Decreasing sidewall stability is
gradually becoming problematic and more oily cut-
tings have been produced. Oil-based drilling fluid tech-
nology has attracted increased attention. It is urgent at
the same time to develop harmless handling technolo-
gies for waste oil-based drilling fluid. Some countries
have strict regulations on oil content of oily cuttings.
Oily material content of solid waste has been man-
dated in Europe since 1993 and zero emissions have
been required since November 2000. Technologies for
oily cutting processing such as bioremediation, landfill
freezing, solid-liquid separation, supercritical fluid ex-
traction, and microwave pyrolysis have been studied in
the literature with various limitations.

*Author to whom correspondence should be addressed.
E-mail: houbing9802@163.com

Bioremediation Method

Sums of experiments on bioremediation of oily cut-
tings were conducted in Indonesia. Microorganisms
and oily cuttings were mixed regularly. Content and
chemical composition of hydrocarbons and their nutri-
ent concentrations and microorganism quantities were
monitored periodically. Results of analysis have sug-
gested bioremediation may address discarded oil base
drilling fluid. However, processing time of bioreme-
diation was often more than seven days and process-
ing effect for high oil content of oily cuttings was poor
[2,3,7].

De-emulsifying Method

The main application for de-emulsification used a
chemical broken agent A and water was added to emul-
sify oily cuttings. Qil could be separated from oily cut-
tings with an addition of chemical and other methods.
Although these methods have different effects, chemi-
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cal additives would improve cost, increase complexity

of drilling fluid composition, and have negative effects
on the environment [1,5,8,9,10,11].

Injection Formation Method

After oil drilling cuttings were smashed they were
injected into strata through a borehole or kept in the
borehole annular space. This method not only had
strict requirements regarding strata but also for equip-
ment. Treatment cost in addition was higher and valu-
able mineral oil resources were wasted. Therefore, this
method poses a potential environmental pollution haz-
ard.

Thus, need to develop a highly efficient and eco-
nomical method for processing oily cuttings is urgent.
Past analysis of existing processing technologies and
results from indoor experiments indicated a chemical
strengthening separation method may process oily cut-
tings with help from an efficient degreasing agent and a
centrifuge separation. Oil in a liquid may be recovered
after centrifuge separation and the water phase may
be reused for oily cuttings [4,6] providing a new way
to resolve environmental pollution resulting from oily
cuttings.

MATERIALS AND METHODS
Experimental Instruments and Materials

Reagents were used. Main experimental reagents
included ethylenediaminetetraacetic acid tetrasodium
salt (chemical pure), dodecyl sodium sulfate sodium
(chemical pure), sodiumlaurylethersulfate (chemical
pure), n-butanol (chemical pure), Tween 80 (chemical
pure), glycerol monooleate (chemical pure), butyl lac-
tate (chemical pure), petroleum ether (analytical pure),
carbon tetrachloride (analytical pure), anhydrous sul-
fate sodium (analytical pure), sodium chloride (ana-
Iytical pure), and hydrochloric acid (analytical pure).

Lab instruments were also used. Instruments includ-
ed a cracking gas chromatograph (Shimadzu, Japan), a
gas chromatograph-mass spectrometer (Agilent, Amer-
ican), a top air-ms analysis instrument (Agilent, Ameri-
can), a Fourier infrared spectrometer (Thermo Nicolet,
American), a mass spectrometer (Waters, American),
an element analyzer (China), a high performance liquid
chromatograph, an 0il480 infrared measuring oil meter
(China), a high temperature furnace (China), an oven
(China), an electronic balance (China), and a small
centrifuge (China).

Experimental Method

Preparation of Highly Efficient Degreasing Agent
CYJ-12

1. Atotal of 30 ml of water was heated to approxi-
mately 60°C and then 0.2 g EDTA-2Na was added.
After EDTA-2Na dissolution, 7 g dodecyl sodium
sulfate sodium was slowly added while stirring.
After completely dissolving, 15 g sodium lauryl
ether sulfate (SLES) was added slowly while
stirring. Then, 0.2 g n-butanol was added while
stirring.

2. Atotal of 3 g hard alcohol lactic ester, 10 g Tween
80, and glycerol monooleate were added to 12 g
butyl lactate while stirring to dissolve. Then, the
solution was heated to 60°C with a water bath.

3. Mixture (1) was added to mixture (2) slowly while
stirring to dissolve.

4. Atotal of 0.1 g potassium hydroxide and 0.2 g
EDTA were added into mixture (3) while stirring.

5. After the solution became transparent, the prepara-
tion process was complete.

Determination of Oil Content of Oily Cuttings
Before Treatment

Twenty-gram (accurate to 0.1 g) samples of oily
cuttings were measured. Then, 100 ml anhydrous pe-
troleum ether (90-120°C) was added. Moisture deter-
mination was connected and backflow speed was con-
trolled at 2—4 drops/second. Once the volume of water
in the receiving device no longer increased heating was
stopped. The sample was cooled and volume of water
was noted. The fluid in the bottle was cooled with dis-
tillation and then suction filtered using a Buchner fun-
nel equipped with heavy filter paper. After suction fin-
ished the filter residue was dried at 105 + 3°C. Quantity
of oil was measured using the reduction method and
then oil content of oily cuttings determined.

Determination of the Oil content of Oily Cuttings
After Treatment

Twenty-gram samples of cuttings were measured
accurately by an electronic balance. A total of 20 ml
carbon tetrachloride was added and the mixture was
repeatedly shaken. Diluted hydrochloric acid (i.e.,
strong hydrochloric acid diluted with 5 parts water)
was added to the solution to make the pH value less
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Table 1. Component and Heavy Metal Content of Oily Cuttings from Daqing Oil Fields.

Samples Water Content (wt,%)  Oil Content (wt, %) Solid Content (wt, %)
11.5 6.5 82.0
Oily cuttings Heavy Metal Content (mg/kg)
As Cr Pb Cd Mineral oil
13.6 19.2 0.18 0.11 65,000
GB8248-84 “control standards of agricultural sludge pollutants” 75 1,000 1,000 20 3,000

than 2. Next, sodium chloride was added to the solu-
tion. The sample was oscillated for 30 minutes. Then,
the fluid from the tapered bottle was poured into a glass
separating funnel. After stratification, the bottom liquid
of the tapered bottle was filtered through a sand core
glass funnel and then poured into a volumetric flask.
The solid phase of the tapered bottle was extracted sev-
eral times with carbon tetrachloride. After flowing into
a 250-ml volumetric flask capacity was measured by
carbon tetrachloride. Carbon tetrachloride served as a
blank solution and a 4-cm cuvette was used. Petroleum
content of the extraction liquid was measured with an
0il480 infrared measuring oil meter.

RESULTS AND DISCUSSION

Analysis of Oil and Heavy Metal Content of
Oily Cuttings

Oily cuttings from the Daqing oilfield were selected.
Components and heavy metals contents from oil drill-
ing cuttings were determined and are displayed in Ta-
ble 1. No specific emissions standards for oily cuttings
either at home or abroad were located. Therefore, test
results referred to “control standards of agricultural
sludge pollutants” (GB 4284-84).

99

Displayed in Table 1 the main pollutant from oily
cuttings from the Daqing oilfield is from mineral oil
and other pollutants detected are considered to be in a
standard range. Therefore, these samples meet require-
ments for “control standards of agricultural sludge pol-
lutants” (GB 4284-84) and it allows for harmless dis-
posal of processing or recovery oil.

Influence of Added Amount of Degreasing Agent
CYJ-12 on Degreasing Effect

CYJ-12 and water were mixed in a certain volume
ratio to make a degreasing agent solution. Then, oily
cuttings were added to form a homogeneous mixture.
The mixture sat for 10 minutes and then was separated
in the centrifuge. Oil content of the drilling cuttings
was determined after centrifugal separation.

Degreasing effect of different amounts of CYJ-12
(i.e., 20,000 mg/L, 4,000 mg/L, 2,000 mg/L, 1,000
mg/L, 500 mg/L, 400 mg/L, 200 mg/L, 100 mg/L, and
50 mg/L) was investigated.

Experimental conditions:

Temperature: 25°C
Centrifugal speed: 1,000 r/min
Centrifugal time: 5 minutes

98

96

1

Rate of degreasing (%)

92 | |

0 3000 6000 9000

12000 15000 18000 21000

Amount of degreasing agent (mg/L)

Figure 1. Influence of amount of degreasing agent CYJ-12 on degreasing effect.
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Figure 2. Influence of centrifuge speed on degreasing effect.

Results are provided in Figure 1. CYJ-12 may re-
move oil from the surface of oily cuttings at a degreas-
ing rate greater than 93%. Degreasing rate increases
when CYJ-12 quantity increases. When amount of
CYJ-12 added is above 1,000 mg/L degreasing rate in-
creases slightly. Therefore, 1,000 mg/L is an optimal
amount to be added.

Influence of Centrifugal Centrifuge Speed on the
Degreasing Effect

Degreasing effect of different centrifuge speeds
(1,000 r/min, 2,000 r/min, 5,000 r/min, 5,500 r/min,
8,000 r/min, and 10,000 r/min) was investigated.

Experimental conditions:

Temperature: 25°C
Added amount of CYJ-12: 1,000 mg/L,
Centrifugal time: 5 minutes

100

Figure 2 displays an observation that as centrifugal
centrifuge speed increases degreasing rate increases.
Degreasing rate is stable when centrifuge speed is
above 2,000 r/min. Increased centrifuge speed does
not significantly increase oil removal effect. Therefore,
2,000 r/min is an optimal centrifuge speed.

Influence of Temperature on the Degreasing
Effect

Temperature is another vital factor contributing to
degreasing effect. Degreasing effect of CYJ-12 under
25°C, 40°C, 50°C, 60°C, 70°C, and 80°C was investi-
gated.

Experimental conditions:

Amount of CYJ-12 added: 1,000 mg/L
Centrifugal speed: 2,000 r/min
Centrifugal time: 5 minutes
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Rate of degreasing (%)
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Temperature (°C)
Figure 3. Influence of temperature on degreasing effect.



Oil Removing Technology of Residues from Waste Oil-based Drilling Fluid Treated by Solid-liquid Separation

¥ ]

147

Figure 4. Centrifugation of oily cuttings with and without addition of degreasing agent CYJ-12. (Left is water and cuttings and right is degreasing

agent CYJ-12 and cuttings).

CYJ-12 may remove oil from the surface of oily cut-
tings at a degreasing rate greater than 93% as displayed
in Figure 3 and as temperature increases degreasing
rate increases. When temperature is more than 50°C
degreasing rate decreases slightly. Volatile compo-
nents of CYJ-12 become more volatile with increasing
temperature resulting in a lower effective concentra-
tion and decreased interaction between the degreasing
agent and oily cutting surface.

Figures 4 and 5 display three phases (i.e., oil, water,

.,

Figure 5. Oily cuttings before and after oil removal. (Left is oily cuttings before oil removal and right is oily cuttings after oil removal).

and drilling cuttings) and were stratified after adding
CYJ-12. Therefore, oil recovery and reuse of degreas-
ing agents is possible compared to other oil removal
performances of currently available industry products
and it meets requirements of emissions standards for
drilling cuttings.

Degreasing effects of CYJ-12, CPF-168 (Bossdun,
USA), and AP113 (Hubei, China) on oily cuttings have
been compared to better understand the degreasing ef-
fect of CYJ-12.

&S »
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Figure 6. Infrared spectrum of degreasing agent CYJ-12.

Experimental conditions:

Sample weight: 1,000 mg/L

Temperature: 50°C

Centrifugal speed: 2,000 r/min

Centrifugal time: 5 minutes

Results are provided in Table 3 indicating degreas-
ing effects from CYJ-12 are superior to CPF-168 and

AP113 which meets requirements for waste disposal
and resource reclamation on drilling-operation fields.
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Mechanism of Degreasing Agent CYJ-12
Structural Analysis of Degreasing Agent CYJ-12

A Fourier infrared spectrometer, a cracking gas
chromatograph, a high performance liquid chromato-
graph, and other analytical instruments were used to
analyze degreasing agent CYJ-12 as displayed in Fig-
ures 6, 7, and 8. Degreasing agent CYJ-12 contains
C=0, C-0, -OH, -SO3", —CH,, -CH,, (CH,),, and
n > 4 functional groups. Ether, alcohols, and sulfate

—h -

T
o] 5 10

T
15 20 25

Figure 7. Cracking gas chromatography spectrum of degreasing agent CYJ-12.
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Figure 8. High performance liquid chromatography spectrum of degreasing agent CYJ-12.

may exist. A biodegradable anionic surfactant with a
high HLB (Hydrophile-Lipophile Balance Number)
value contributes to cleaning and to the environmen-
tal protection ability of the degreasing agent. Addi-
tionally, a non-ionic surfactant with a low HLB value
should be used for its oil emulsion and cleaning abili-
ties.

Element Analysis of the Degreasing Agent CYJ-12

Elements of CYJ-12 were analyzed using an ele-
ment analyzer and are displayed in Table 2. Main ele-
ments of the degreasing agent CYJ-12 are C, H, O,
and S in addition to a small amount of K and N. The K
and N content resulted from adding KOH and EDTA
to regulate pH and soften the water, respectively. A
soft agent was added to complex calcium magnesium
ions in water making the degreasing agent colorless
and transparent. pH value of CYJ-12 was also adjust-
ed to be neutral to prevent corrosion of metal equip-
ment.

Table 2. Element Analysis of Degreasing Agent
CYJ-12.

Element Content

C H O S N Na K Ca
Samples % % % % ppm % ppm ppm

CYJ-12 4320 9.15 4060 266 <1 218 116 17

Analysis of Oil Removal Mechanism of Degreasing
Agent CYJ-12

Surfactants contribute significantly to oil removal
due to their emulsion properties. Anionic and non-
ionic surfactants are suitable for removing oil. Anionic
surfactants such as dodecyl sodium sulfate sodium
and SLES have strong emulsifying abilities and may
effectively remove smudges but have poor hard water
resistance. Non-ionic surfactants such as hard alcohol
lactic ester and glycerin mono-fatty acid ester have no
strict water hardness requirements. Coordinating their
use may facilitate a desired association effect. HLB
values of dodecyl sodium sulfate sodium and SLES are
40.0 and 11.7, respectively. Three types of non-ionic
surfactants have different HLB values and allow for
good oil emulsion and solubilization. In synergy with
an anionic and non-ionic surfactant CYJ-12 has a high
degreasing effect.

Table 3. Contrast Evaluation of Oil Removal
Performances Between Highly Efficient CYJ-12 and
Available Industry Products.

Oil Content  Oil Content Oil
Before After Removal
Treating Treating Efficiency
Samples (mg/L) (mg/L) (%)
Oil cuttings 65000
Oil cuttings + CYJ-12 65000 910 98.6
Oil cuttings + CPF-168 6955 89.3

Oil cuttings + AP113 15795 75.7
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CONCLUSIONS

1. Qily cuttings are produced in oil-based drilling
fluid the main pollutant of which is mineral oil.
Processing and recycling of oil from cuttings are
both effective approaches to realizing harmless
disposal of oily cuttings.

2. Based on characteristics of oily cuttings a highly
efficient degreasing agent named CYJ-12 has
been developed. Oil removal from an oily cutting
surface and harmless disposal oily cutting were
accomplished by concerted actions of an anionic
surfactant, a non-ionic surfactant, solvents, and a
soft agent in combination with advanced separa-
tion equipment providing an oil removal rate of
greater than 90%. Results of contrast of CYJ-12
with other available industry products indicate
CYJ-12 is a good choice for oil removal perfor-
mance for artesian wells.

3. An oil removal mechanism of CYJ-12 was studied
using infrared spectroscopy, gas chromatogra-
phy, elemental analysis, and other tests providing
important information for improving oil removal
performance and researching new degreasing
agents for processing oily cuttings.
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ABSTRACT: The goal of this study was to determine effects of temperature and soil
type on survival of Ascaris ova in two biosolid-amended, desert soils. Results of this
study suggest that a waiting period of 120 days at average soil temperatures of 25°C or
90 days at 37°C after land application of biosolids on fields to which lettuce is planted
would result in annual risks of less than 1:10,000 for Ascaris from consumption of lettuce
with an ova concentration of 4 ova g dry solids.

INTRODUCTION

SCARIS OVA are believed to be enteric pathogens

most resistant to inactivation during sludge and
wastewater treatment. Not only are 4scaris ova more
resistant to treatment processes than other pathogens
but they are also more resistant than other helminthes
[9]. Ascaris ova as a result are one of the microbial pa-
rameters utilized for classification of Class A biosolids
under Part 503 regulations for land application of bio-
solids in the United States [17]. These guidelines sug-
gest that helminth ova concentrations should be limited
to less than one helminth ova/4 g (0.25/g) total solids
(TS) in Class A biosolids. However, there are no lim-
its on helminth concentration in Class B biosolids. The
World Health Organization (WHO) in 2006 published
guidelines on safe use of fecal material and sludge in
agriculture and aquaculture utilizing wastewater. These
guidelines require helminth ova content should be less
than one viable ova per liter in wastewater used for ir-
rigation [18]. Previous studies have shown inactivation
of Ascaris ova during various wastewater treatment
processes is dependent upon temperature, pH, and hu-
midity [9], but most of the published data is qualitative
rather than quantitative and focuses on helminth sur-
vival in biosolids. This ignores effects of soil on sur-
vival of ova. More quantitative data are necessary to
fully understand the relationship between environmen-
tal conditions and ova survival so that a more accurate
estimate of risk can be made for exposure to land ap-
plication of Class B biosolids.

*Author to whom correspondence should be addressed.
E-mail: gerba@ag.arizona.edu

Quantitative microbial risk assessment (QMRA) is
emerging as a useful tool for developing guidelines
for human exposure to pathogens [3,5,10]. QMRA has
shown its effectiveness in assessing risk of transmis-
sion of water and food-borne infections. Best probabi-
listic estimates have been obtained using epidemiologic
data from actual outbreak studies [10]. When applying
QMRA, the first step is to define the best distribution
model that fits observed infection rates as a function
of pathogen exposure dose. The most common models
used to estimate probability of infection are the expo-
nential and the Beta-Poisson models. Major sources
of uncertainty in QMRA involve hygiene-related be-
havior and consumption patterns (water or food) for a
targeted population and actual pathogen doses under
consideration [10].

The goal here was to assess inactivation of ova in
two Arizona soils to which biosolids had been applied
and use this information to assess risks of Ascaris in-
fection from ingestion of contaminated raw vegetables
grown on amended soils.

MATERIALS AND METHODS
Sample Preparation

Dewatered, mesophilic, anaerobically digested
sludge was obtained from Ina Road Wastewater Recla-
mation Facility (Tucson, AZ). Biosolids contained 7%
total solids as determined via moisture content analy-
sis. Sludge was brought to a pH of 7 beforehand by
addition of 1 N NaOH. A sandy loam and a clay loam
collected from plots within the University of Arizona
Campbell Agricultural Center in Tucson, AZ were
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used. One gram of soil (i.e., either sandy loam or clay
loam) was added to 9.0 g of biosolids and one ml of 4s-
caris suum ova (Excelsior Sentinel, Inc., Trumansburg,
NY) was added to obtain a concentration of 6,500 ova/
ml in a sterile pre-weighed petri dish or 50 ml glass
beaker. Average moisture content measured for biosol-
id-amended soil samples was 93%.

Experimental Conditions

Sandy loam samples were held either at room tem-
perature (25°C), 37°C, or left exposed to the outdoor
environment for thirty days (i.e., microcosm). Clay
loam samples were incubated at 37°C for thirty days.
All samples demonstrated greater than 90% loss of
moisture within 24 hours of incubation regardless of
conditions. The microcosms consisted of placement
of the soil/ biosolid mixtures (1 g/9 g) in 50 ml glass
beakers placed 2.4 cm below soil surface in a 30 x 20
x 12.5 cm plastic container. Triplicate samples were
processed at time intervals of 0 (control), 1, 5, 10, 20,
and 30 days. Weather data (temperature and precipita-
tion) were collected from Tucson International Airport
located next to the test site for the duration of the ex-
periment.

Enumeration of A. suum Ova within Biosolid-
Amended Soil

Samples of soil/biosolid mixtures were weighed
and subsequently processed according to a modified
Wisconsin flotation method described previously [1].
Samples were suspended in deionized water in 50 ml
conical tubes for 30 min and then centrifuged (Beck-
man CS-6, Beckman Coulter, Indianapolis, IN) for 5
min at 3200 rpm. The resulting supernatant was poured
off and this process was repeated 2 to 3 times until the
supernatant was clear. Sheather’s sucrose solution
(specific gravity = 1.27) [1] was added to the biosolid/
soil pellet and mixed by vortexing. Additional Sheath-
er’s sucrose solution (= 35 ml) was added to the sugar
biosolid mixture and tubes were then spun at 3200 rpm
in a swinging bucket rotor for 15 minutes (Beckman
CS-6, Beckman Coulter, Indianapolis, IN). The upper
portion of the mixture containing Sheather’s sucrose
solution (microscopic debris and Ascaris ova) was
poured into two nested sieves (Erie Scientific, Ports-
mouth, NH) (63 pum and 38 pum, respectively). Sieves
were rinsed with deionized water and contents on the
38 um sieve were rinsed into a 15 ml conical tube. The
15 ml conical tubes were filled with water and spun

at 3,200 rpm (Beckman CS-6, Beckman Coulter, In-
dianapolis, IN) for 5 minutes. Resulting supernatant
was aspirated off down to 1, 2, or 3 ml and 0.1 to 0.3
ml of ovum solution was mixed with an equal volume
of 0.2 N H,SO,, serially diluted, and placed in a 24-
well culture plate. Ova were incubated in the 24-well
culture plates at room temperature and examined for
viability (development) after 12, 15, and 30 days. Ova
were enumerated and examined for viability by scan-
ning each well under light microscopy. Each well was
examined for viable ova, non-viable ova, and total ova.
For each count, ova were multiplied by an appropriate
serial dilution factor to determine amount of viable and
non-viable ova contained in the original sample.

Risk Assessment

A dose-response function has been developed for
Ascaris lumbricoides based on outbreak data and epi-
demiological studies [11]. The dose—response relation-
ship developed for A. lumbricoides infection consists
of a Beta-Poisson model with o = 0.104 in the equation:

P(d)=1-[1+(d/ Ns)2"* )T (1)

where d = estimated dose of A. lumbricoides ova and
alpha parameters were derive from use of a beta distri-
bution to model non-constant pathogen survival prob-
abilities. This relationship was the end result of fitting
observed infectivity and exposure dose estimated for
the Mezquital Valley in Mexico [10,11]. Estimated an-
nual risk is given by

P = 1-[1+ P(d)]" (2)

aj

where P, ., = annual risk of infection in an individual
from n exposures per year to pathogen dose; d is the to-
tal number of organisms in a known consumed amount
of either vegetables or soil, based on 4. lumbricoides
concentration for each exposure scenario; and Nj, is
median infective dose [10].

The following assumptions or scenarios were also
used in estimating probability of an A. [umbricoides
infection from eating raw lettuce grown on biosolid
amended soil:

e 4. suum inactivation in desert soils was calculated
from the present study.

e Use of three different helminth concentrations in
biosolids (0.25, 1, and 4 per g) based on content
found in the United States [10,13].
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e An Ascaris concentration of 0.0065, 0.0257, and
0.0959 ova/g lettuce based on 0.25, 2, and 4 ova
g total solids and a 10% transfer of ova to lettuce
leaves at these rates [4].

e A mean intake range estimate of 30, 54, or 100 g per
serving of lettuce. Uncooked lettuce was consumed
once a week.

e A one log,, [18] 4. lumbricoides reduction due to
crop washing was assumed to occur in addition to
ova inactivation within biosolid amended soil (data
from this study). QMRA was conducted 30 and 60
days after biosolid application in addition to the 60
day period necessary for lettuce cultivation [8§].

Statistical Analysis

Statistical significance was assessed via a two-way
ANOVA with Tukey’s posthoc test (o = 0.05) using
SigmaPlot software (San Jose, CA). Linear regression
values were also obtained using SigmaPlot software.

RESULTS

Outdoor conditions were measured. Temperature
maximum and minimum and rainfall data for samples
exposed to the outdoor environment may be found in
Table 1.

Temperature varied throughout the month of April
during the experiment with a maximum of 34.4°C and
a minimum of 2.8°C. Only one rainfall event occurred
(day 9) producing 0.28 inches of rain.

Minimum temperature occurred on day 9 of the ex-
periment (14°C). Maximum temperature occurred on
days 1 and 2 (34°C). Mean temperature for the dura-
tion of the experiment was 21°C. The median mini-
mum and maximum temperature were calculated to be
14°C and 29°C, respectively. Only one rainfall event
occurred during the experiment. This event resulted
in 7 mm of rain and occurred on day 9 of the experi-
ment.

Soil Effects on Ascaris Viability

Significant differences in log,, reduction were ob-
served between sandy loam and clay loam soils at 37°C
on days 10 and 30 (See Figure 1). Inactivation rates
were determined by the slope of a best fit line and lin-
ear regression. Inactivation was faster in sandy loam.
The 12 values (obtained from best fit line, SigmaPlot)
were 0.972 and 0.998 for sandy loam and clay loam
soils, respectively.

Table 1. Weather Data During Biosolid Amended
Sandy Loam Incubation Under Outdoor Conditions.

Air Temperature (°C) Precipitation

Day Maximum Minimum (mm)
1 344 15.0 0.0
2 344 16.7 0.0
3 29.4 18.33 0.0
4 27.8 12.2 0.0
5 32.8 10.6 0.0
6 28.9 16.7 0.0
7 26.1 15.0 0.0
8 25.0 13.3 0.0
9 13.9 5.0 7.0
10 15.0 2.8 0.0
11 28.9 3.9 0.0
12 27.8 10.6 0.0
13 27.2 10.6 0.0
14 23.3 1.7 0.0
15 30.0 8.9 0.0
16 32.8 10.6 0.0
17 33.9 15.0 0.0
18 32.2 15.6 0.0
19 31.1 17.2 0.0
20 317 13.3 0.0
21 30.6 14.4 0.0
22 31.1 15.0 0.0
23 31.1 12.8 0.0
24 28.8 16.1 0.0
25 27.2 14.4 0.0
26 28.3 15.0 0.0
27 28.3 12.7 0.0
28 33.3 12.2 0.0
29 33.3 15.0 0.0
30 26.1 15.0 0.0

Temperature Effects on Ascaris Viability

Significant differences in log,, reductions were ob-
served in sandy loam incubated at either 37°C or 25°C
when compared to the outdoor ambient temperatures
study (mean 21°C), after 10 and 30 days (See Figure
2). However, after 20 days log,, reduction at 25°C
and ambient outdoor temperature were similar but
significantly different than at 37°C. Inactivation rates
for 25°C and outdoor ambient incubation were similar
while 37°C showed maximum inactivation rate. The r?
values were 0.972, 0.980, and 0.987 for incubations in
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Figure 1. Effect of soil type on Ascaris survival at 37°C.

the sandy loam soil at temperatures of 37°C, 25°C, and
for the outdoor ambient study, respectively.

QMRA of Ingesting Raw Vegetables Grown in
Biosolid-Amended Soil

Scenario 1, annual risk of Ascaris infection from
ingesting raw lettuce grown on biosolid amended san-
dy loam assuming a soil temperature of 37°C. Table 2
displays how temperature effects risk of infection over
time. All annual risks for this scenario are less than
1:10,000 even at the highest Ascaris concentration (4

Time (Day)
0 5 10 15 20 25

ova/g TS) and lettuce consumption rate (100 g/d) ex-
amined.

The log inactivation for these calculations repre-
sents the log inactivation obtained from experimenta-
tion plus 1 log;, for loss during washing (Total log re-
moval due to inactivation and loss after crop washing).

Scenario 2, annual risk of Ascaris infection from in-
gesting raw lettuce grown on biosolid amended sandy
loam assuming a soil temperature of 25°C. Table 3
displays how duration of time between biosolid appli-
cations and consumption of lettuce under these condi-
tions impacts annual risk. Ascaris concentrations at or

30 35

==¢—QOutdoor conditions (April)-BSL
== 37°C-Sandy Loam

A== 25°C-Sandy Loam
----- Linear (Outdoor conditions (April)-BSL)

----- Linear 37°C-Sandy Loam
————— Linear 25°C-Sandy Loam

—0.0425x — 0.04

Log (N/Ny)

p< 0.980
70

y=-0.0477x - 0.0705
r2=0.987

y=-0.0673x - 0.0797
r2=0.972

Figure 2. Effect of temperature on Ascaris survival in sandy loam soil.
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Table 2. Annual Risk of Infection from Ascaris ova After Various Harvesting Times in
Biosolid Amended Sandy Loam at 37°C.

Scenarios Annual RiIsk
Lettuce

Biosolids Lettuce Consumption 90 Days 120 Days
(ovalg TS) (ovalg) (g/d) Post-application Post-application
0.25 0.0065 30 8.3E-08 8.7E-10
0.25 0.0065 65 1.8E-07 1.8E-09
0.25 0.0065 100 2.8E-07 2.7E-09
1 0.0257 30 3.3E-07 3.2E-09
1 0.0257 65 7.1E-07 6.9E-09
1 0.0257 100 1.1E-06 1.1E-08
4 0.0959 30 1.2E-06 1.2E-08
4 0.0959 65 2.6E-06 2.6E-08
4 0.0959 100 4.1E-06 4.0E-08

above 1 ova/g TS in conjunction with lettuce consump-
tion rates at or above 65 g/d resulted in risks greater
than 1:10,000 when the post-application period was
90 days. Calculated risk of infection was less than
1:10,000 for this scenario at 120 days post-application.

The log reduction represents the log inactivation ob-
tained from experimentation plus 1 log;, for loss dur-
ing washing (Total log removal due to inactivation and
loss after crop washing).

Scenario 3, annual risk of Ascaris infection from in-
gesting lettuce grown on biosolid amended sandy loam
assuming an outdoor ambient soil temperature (mean
21°C). Table 4 also displays that duration of time under
these conditions impacts annual risk. Risk of infection
for 90 days post-application was greater than 1:10,000
at Ascaris concentrations of 4 ova/g TS and consump-

tion rates of at least 65 g/d. However, risk of infection
was less than 1: 10,000 for any assumption at 120 days
post-application.

The log reductions represent the log inactivation ob-
tained from experimentation plus 1 log;, for loss dur-
ing washing (Total log removal due to inactivation and
loss after crop washing)

DISCUSSION
Ascaris Survival in Biosolid Amended Soils

Soil type was shown to play a role in the survival of
A. suum ova (See Figure 1). Ova incubated in biosolid

amended clay loam had a lower inactivation rate than
ova incubated in the biosolid amended sandy loam.

Table 3. Annual Risk of infection from Ascaris ova After Various Harvesting Times in
Biosolid Amended Sandy Loam at 25°C.

Assumptions

Annual Risk

Lettuce

Biosolids Lettuce Consumption 90 Days 120 Days
(ovalg TS) (ovalg) (g/d) Post-application Post-application
0.25 0.0065 30 1.3E-05 8.2E-07
0.25 0.0065 65 2.7TE-05 1.8E-06
0.25 0.0065 100 4.2E-05 2.7E-06
1 0.0257 30 4.9E-05 3.2E-06
1 0.0257 65 1.1E-04 7.0E-06
1 0.0257 100 1.6E-04 1.1E-05
4 0.0959 30 1.8E-04 1.2E-05
4 0.0959 65 4.0E-04 2.6E-05
4 0.0959 100 6.1E-04 4.0E-05
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Table 4. Annual Risk of Infection from Ascaris ova After Various Harvesting Times in Biosolid Amended Sandy
Loam Under Outdoor Conditions.

Assumptions

Annual Risk

Lettuce

Biosolids Lettuce Consumption 90 Days 120 Days
(ovalg TS) (ovalg) (g/d) Post-application Post-application
0.25 0.0065 30 6.2E-06 2.0E-07
0.25 0.0065 65 1.3E-05 4 .4E-07
0.25 0.0065 100 2.1E-05 6.7E-07
1 0.0257 30 2.4E-05 8.0E-07
1 0.0257 65 5.3E-05 1.7E-06
1 0.0257 100 8.1E-05 2.7E-06
4 0.0959 30 9.1E-05 3.0E-06
4 0.0959 65 2.0E-04 6.5E-06
4 0.0959 100 3.0E-04 9.9E-06

Clay and silt particles retain moisture very efficiently
and, therefore pathogens introduced into a soil with
moderate or high clay and/or silt content shows en-
hanced survival [12]. When incubated at temperatures
between 20°C and 38°C, survival times for Ascaris ova
have been shown to be less than 90 days in sandy soil
and greater than 90 days in soils with higher clay con-
tent [2].

Soil temperature was also found to play a role in the
survival of 4. suum ova (See Figure 2). Ova incubated
at 25°C in biosolid amended sandy loam showed lower
inactivation rates than those incubated outdoors. Ova
incubated at 37°C had the highest inactivation. Similar
results have been reported in other studies [9] and show
that higher temperatures significantly affect survival of
Ascaris ova. Ascaris ova have been shown to survive
for up to one year in biosolids held at temperatures be-
tween 17°C and 20°C [16]. Johnson et al. (1998) [6]
found a 95% inactivation of Ascaris ova in five weeks
when incubated at 35°C in sludge. Studies have shown
that temperatures above 40°C result in Ascaris inacti-
vation in only two days [7]. Temperatures above 50°C
have been shown to result in Ascaris inactivation in as
little as 2 hours [15,7].

Risk Assessment

Infectious risks from helminth ova are dependent on
ova concentrations in biosolids, lettuce consumption,
and Ascaris ovum inactivation. It is important to note
that duration of time between biosolids application and
harvest includes the period of time necessary for the
growth of lettuce. It takes 30 to 60 days for lettuce to

be harvest-ready after planting. With a one log,, reduc-
tion due to crop washing risk of infection ranged from
a low of 8.1E-10 at a helminth ovum concentration of
0.25 g TS in biosolids to a high of 6.1E-04 at a hel-
minth ovum concentration of 4 g TS in biosolids. Risk
of infection may be underestimated by using lower
than actual transfer rates of Ascaris to lettuce and also
by underestimating lettuce consumption. Conversely,
risk of infection may be overestimated by overestimat-
ing transfer rates of 4Ascaris to lettuce and lettuce con-
sumption.

Lowest risk resulted from the scenario of eating raw
lettuce grown on biosolid amended sandy loam soil
which was incubated at 37°C (See Table 2). This is due
to Ascaris ovum inactivation being greatest under these
conditions. The greatest risk resulted from eating raw
lettuce grown on biosolid amended sandy loam incu-
bated at 25°C (See Table 3). Ascaris ovum inactivation
under these conditions was at a minimum yielding a
greater risk. The United States Environmental Protec-
tion Agency has used a 1:10,000 yearly risk of infec-
tion as guidance for treatment of surface water intend-
ed for drinking [14]. Currently the U. S. EPA requires
up to two years before food crops can be grow on land
to which Class B biosolids have been applied [17]. Re-
sults of this study suggest that a waiting period of 120
days at 25°C or 90 days at 37°C after land application
of biosolids on fields to which lettuce is planted would
result in yearly risks of less than 1:10,000 for Ascaris
from consumption of the lettuce if ova concentration
in the biosolids was 4 ova g dry solids. With reported
ova concentration generally less than 0.25 ova g TS in
Class B biosolids in the United States [13] a consider-
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able margin of safety exists from land application of
Class B biosolids and risk from Ascaris infection from
production of food crops eaten raw in desert regions.
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for actual textile wastewater.

ABSTRACT: The aim of this study was to examine performance of pulp and paper
sludge ash of Mazandaran wood and paper industries for removal of reactive blue 19
dye. Maximum dye removal efficiency (95%) occurred at a pH of 12. Maximum dye ad-
sorption with increasing adsorbent dose reached 92.59% at 12 g/L of adsorbent dose. Q
increased with an increasing of initial dye concentration and reached a maximum value
of 85.81 mg dye/g adsorbent. The adsorption process follows a Temkin isotherm model
and the Elovich order kinetic model. The dye removal efficiency was obtained 59.16%

INTRODUCTION

HE majority of dyes are synthetic in nature and are

difficult to decolorize due to their complex struc-
ture. Most dyes contain aromatic rings which make
them mutagenic and carcinogenic [1]. Many methods
are reported to remove dyes from effluents and tech-
nologies may be divided into three categories includ-
ing biological, chemical, and physical methods [2,3].

Among various available technologies the adsorp-
tion process is valuable because of convenience, ease
of operation, and simplicity of design [4]. Recently,
some investigations have reported using non-conven-
tional low-cost adsorbents including natural materials
and waste materials from industry and agriculture for
dye removal such as acid-treated pine cone powder [5],
coconut husk [6], coal combustion ashes [7], modified
wheat straw [8], metal hydroxide sludge [9], and sew-
age sludge [10].

Rapidly increasing environmental contamination
arising from industrial processes via solid residuals is
an important environmental problem requiring atten-
tion. Management of pulp and paper industries wastes
(e.g., wood waste, pulp, and paper sludge) in recent
years also has become a significant environmental is-
sue. Because of its large daily output and limited land-
fill space some investigations have proposed different

*Author to whom correspondence should be addressed.
E-mail: alavi@aut.ac.ir, alavim@yahoo.com

applications for uses of sludge such as soil improvers,
fertilizers, and building materials [11]. Previously, per-
formance of wood waste [12] and dried and treated
pulp and paper sludge [13,14] on reactive blue 19 dye
adsorption was tested using classical and statistical
[15,16] methods. Also, some of these industries imple-
mented sludge incineration systems to reduce residual
amounts in order to solve the problem of insufficient
landfill sites. Therefore, reuse of this residual (pulp and
paper sludge ash) has been considered.

The aim is to evaluate potential of pulp and paper
sludge ash (PPSA) as another alternative adsorbent
for removal of reactive dye (RB19). Effect of contact
time, pH, adsorbent dose, and initial dye concentration
on performance of the adsorption process were stud-
ied. Langmuir, Freundlich, and Temkin isotherms were
used to describe adsorption isotherms. In addition, the
pseudo-first order, the pseudo-second order, and Elov-
ich models were studied to describe adsorption kinet-
ics. Furthermore, treatment of real textile wastewater
was also examined.

MATERIALS AND METHODS

Preparation of Synthetic and Real Textile
Wastewater

Reactive blue 19 (Ariazol Brill. Blue R-SP) was
provided by the Alvan Sabet Company in Iran and is
used for preparation of synthetic wastewater. General
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properties and chemical structure are presented in Ta-
ble 1. This dye is widely used in textile industries in
Iran. A stock dye solution of 1000 mg/L was prepared
in double distilled water and then diluted to obtain a
desired concentration. Solution pH was adjusted with
HCI and NaOH and pH measurement was carried out
using a 340i/SET pH meter (WTW-Germany).

Also, real textile wastewater containing reactive
blue 19 dye was collected from the Negin-Nakhe-
Beshel Company, in Mazandaran, North of Iran. This
real wastewater has some additives including NaCl,
Na,CO;, caustic NaOH, cationic ion exchange, de-
tergent (ABS), cationic softener, antifoam, and other
chemical agents. Characteristics of the real textile
wastewater are as follows: RB19 concentration = 500
mg/L, pH = 10, COD (chemical oxygen demand) =
1000 mg/L, and NTU (nephelometric turbidity unit) =
7.94.

Preparation of Adsorbent

Pulp and paper sludge used in this study was col-
lected from Mazandaran wood and from the paper
industries (MWPI) in Mazandaran, Iran. This factory
is the largest paper manufacture in Iran and produc-
es 100—120 tones of air dried sludge daily. Collected
sludge was dried at room temperature in a laboratory
for 48 hours. Pulp and paper sludge was grounded and
sieved by 150 um sieve. Sludge particles less than 150
um sieve were heated in an oven at 550°C for 3 hours.
Then, pulp and paper sludge ash was stored in an air-
tight glass container and used as adsorbent.

As determined by XRF using a X”Unige model
XRF analyzer (Philips, Netherlands), chemical com-
position of pulp and paper sludge was 9.7% Al,Ox,
0.27% Fe, 05, 16.4% CaO, 1.46% MgO, 3.8% SiO,,

Table 1. General Properties and Chemical Structure
of RB19.

Parameters Values

0.RB19
CooH1gNoNa,S,

C. l. name

Empirical formula

Amax (NM) 594
Molecular weight 626.54
O NH,
SO;Na
Chemical structure
N [}
" i-cn,cu,oso,ua

3.52% SO, 0.11% Na,0, 0.12% K,0, and 0.2% P,0s.
Loss on ignition (LOI) of pulp and paper sludge was
found to be 64.25% by weight. Other trace elements
analyzed were not reported due to very small quantity.
A scanning electron microscope (SEM) was used to
characterize the PPSA sample for morphological infor-
mation using a XL-C model SEM analyzer (Philips,
Netherlands). Textural properties of adsorbent were
also carried out by N, adsorption/desorption isotherms
at 77K using an Autosorb 1 analyzer (Quantachrome
Corporation, USA). Specific surface area (Sgpr) was
calculated using the Brunauer—Emmett—Teller (BET)
method. Pore size distribution was determined using
the Barrett—Joyner—Halenda (BJH) method.

Instructions from Ahmad and Kumar [17] were used
for determination of point of zero charge of PPSA.
Next, 0.1 M KCIl was prepared and its initial pH was
adjusted between 2 and 12 using NaOH and HCL
Then, 50 ml of 0.1 M KCI was taken in 250 ml bea-
kers and 0.05 g of PPSA was added to each solution.
These beakers were kept for 24 hours and the final pH
of solutions was measured using a pH meter. Graphs
were plotted between pHy,,,; and pH,,;;,; and the pH of
zero point charge of PPSA is about 8.6 as displayed in
Figure 1.

Batch Adsorption Experiments

Dye solution and adsorbent were agitated using a
jar test at 150 rpm agitation speed. A six beakers jar
test apparatus from Zag-Chemi Company in Iran was
used to simulate the adsorption process. Prior to the
analysis all samples were centrifuged at 5,000 rpm for
10 minutes. Dye concentration of synthetic wastewater
and the real textile wastewater were measured using a

12
10 /

=4—pH initial

PH firal

pH final

o N B O ®

0 2 4 6 8 10 12

PH initial
Figure 1. Point of zero charge of PPSA.
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Figure 2. SEM images of (a) dried pulp and paper sludge, (b) PPSA sample before, and (c) after adsorption process.

HACH spectrophotometer DR/4000 (USA). Sorption

studies were carried out at 23 + 1°C. Percentage of dye

removal was calculated using the following equation:
(1)

Dye removal (%) = %

0

x100

where, C, and C, (mg/L) are initial dye concentration
and concentration at equilibrium time ¢ (min), respec-
tively.

RESULTS AND DISCUSSIONS
Characterization of Adsorbent

A scanning electron microscope (SEM) is a primary
tool for characterizing surface morphology and funda-
mental physical properties of the adsorbent. SEM pic-
tures (See Figure 2) display morphology of dried pulp
and paper sludge (PPSA samples before and after the
adsorption process). It is clear that dried pulp and pa-
per sludge after ash obtained more numbers of pores as
well as higher surface area. Also, SEM pictures display
a porous adsorbent morphology with pores of different
sizes and shapes where there is a good possibility for
dye to be trapped and adsorbed into these pores.

For textural characteristics of PPSA, BET sur-
face area of 48.8 m?/g (computed in the P/P, range
0.05-0.30), pore volume of 0.2312 ¢cm?/g, and a pore
diameter of 22.29 A were obtained. Surface areas of
other adsorbents were compared in Table 2. Displayed
in Table 2 BET surface area of PPSA was higher than
BET surface area of dried pulp and paper sludge from

the current authors previous study (16.22 m%/g) [15].
Therefore, according to Figure 2 and Table 2, textural
and surface area for PPSA became smaller and high-
er, respectively. Better adsorption capacity certainly
would be expected following this finding.

Also, pore size distribution of the adsorbent is dis-
played in Figure 3. Generally, pores are divided into
micopores (< 2 nm), mesopores (2—50 nm), and mac-
ropores (> 50 nm) [18]. Displayed in Figure 3 the per-
centages of mesopore and macropores volume of PSSA
are higher than for micropore volume.

Effect of Contact Time on Dye Adsorption

Effect of contact time on RB19 adsorption efficien-
cy is presented in Figure 4. Experiments for this step
were done with a constant initial concentration of 100
mg/L, PPSA dose of 4 g/L, and at pH of 11. Adsorp-
tion efficiency increases with increasing contact time.
0.0035

0.003 >
0.0025
0.002
0.0015

0.001 u

0.0005

Adsorption DV (Cm¥A.g)

1 10 100 1000 10000
Pore diametere (A)

Figure 3. Pore size distribution of PPSA.
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Table 2. Surface of Area of Adsorbents.

Adsorbent Surface Area (m?2/g) References
pistachio hull waste 1.04 [19]
Dried pulp and paper sludge 16.22 [15]
Coal combustion ashes 19 [7]
Paper sludge heated 600 23 [11]
PPSA 48.8 Present study
Cocoa (Theobroma cacao) shell-based activated carbon 85.09 [20]
Bone char 107 [18]
Activated carbon from Bagasse pith (using H;PO,) 522.7 [21]
Activated carbon from Typha orientalis (using KMnO,) 556.49 [22]
Commercial activated carbon, F400 793 [18]
Activated carbon from bamboo 1400 [18]

Very rapid adsorption is observed in the first minutes
and thereafter rate of adsorption was found to be slow
and then constant. A similar result was presented by
the current research group [12—14] as well as by other
researchers for investigating contact time effect on us-
ing activated carbon and from orange peel for Direct N
Blue-106 [23] and direct blue 86 [24] dye removal and
crystal violet dye removal using phase change material
[25] during the adsorption process. It was discovered
that 90.18% removal of RB19 occurred at 30 minutes
and after that no significant change was observed. Re-
garding results here, 30 minutes of contact time was
selected for further experiments for the adsorption pro-
cess.

Effect of pH on Dye Adsorption

pH is one of the important factors influencing ad-

100
S
= 95
]
o=
- -
3 9% — . * - ¥
FR
E Initial dye concentration=100 (mg/L)
- g5 Adsorbent dose=4 (g/L)
5- pH=11

80

0 10 20 30 40 50 60 70 80O 90
Time (min)
Figure 4. Effect of contact time on RB19 adsorption by PPSA (ad-

sorbent dose = 4 g/L; initial dye concentration = 100 mg/L; and pH
=11).

sorption efficiency. Experiments during this stage
were performed with a constant initial concentration
of 100 mg/L, adsorbent dose of 4 g/L, and contact time
of 30 minutes. Results are illustrated in Figure 5 and
high removal efficiency occurred for both acidic and
alkaline conditions. A similar result was observed by
other researchers for removal of different types of dyes
[26,27]. Different mechanisms may be used to inter-
pret this phenomenon.

The pH of zero point charge of PPSA is about
8.6. Surface charge of PPSA is neutral at pH,,.. Be-
low the pH,,, adsorbent surface is positively charged
and above the pHzpc adsorbent surface is negatively
charged [28]. Maximum observed adsorption capac-
ity at low pH may be due to electrostatic attractions
between negatively charged —SO3 groups in the dye
molecule and the positively charged adsorbent’s sur-

100
90
80
70
60
50
40
30
20
10

0

Dye Removal (%)

0 2 4 6 8 10 12 14
Initial pH
Figure 5. Effect of pH on removal of RB19 dye by PPSA (adsorbent

dose = 4 g/L, initial dye concentration = 100 mg/L; and contact time
=30 min).
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face [29]. A proportional decrease in adsorption can
take place as pH of the solution increased due to elec-
trostatic repulsion between negatively charged sites
on the adsorbent and dye anions. There was also com-
petition between OH™ at high pH and dye anions for
positively charged adsorption sites [23,28]. Yet, higher
adsorption of alkaline pH may be due to a different
mechanism which may be the reaction of Ca?" with
anionic dye molecules [27]. This mechanism was re-
lated to presence of high calcium derived from calcium
oxide as a major component of the adsorbent. Calcium
oxide was in contact with water, the hydration reaction
occurred, and calcium hydroxide reformed. Partially
dissolved Ca(OH)? results in dissociation of Ca>" and
OH ions. Exchange sites and dissociation of CaO of
PPSA may generate Ca’" ions. Presence of Ca®" in so-
lution and formation of Ca-anionic dye molecules pre-
cipitation through the reaction resulted in dye removal
[27]. During a high pH the removal reaction would be
dominated by chemical precipitation as discussed in
the aforementioned.

High removal efficiency of 92% and 95% was ob-
tained at pH 3 and pH 12, respectively. Additionally,
effectiveness of different pH (2—-12) on stability and
dye adsorption of RB19 was investigated. It was ob-
served RB19 dye is quite stable in this range of pH. A
Similar result was reported by Mahmoud et al. 2007
for RB 19 dye [30]. Therefore, observed dye removal
is only the result of the adsorption process. Initial pH
of solution without changing pH was about 10.7. Due
to less consumption of chemicals optimum pH was se-
lected as pH 11.

Effect of PPSA Dose on Dye Adsorption

During this stage various amounts of adsorbent
ranging from 0.5 to 12 g/L were studied under the
following conditions: initial dye concentration of 100
mg/L, contact time of 30 minutes, and a pH of 11.
The effect of adsorbent dose on RB19 adsorption effi-
ciency is displayed in Figure 6. Percentage of dye re-
moval increased with increasing PPSA amount. This
is due to increases in adsorbent sites for adsorption
of dye with increased adsorbent dosage [31]. Simi-
lar results have been reported by our research group
[12—14] as well as others for adsorption of other dyes
[31-33]. Minimum and maximum removal efficien-
cy was obtained at 53% and 92.59% at a PPSA dose
of 0.5 g/L and 12 g/L, respectively. For this study, a
4 g/LL PPSA dose was chosen as optimum adsorbent
concentration.

100
90 ——o— ¢
80
70
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Dye Removal (%)

0 2 < 6 8 10 12
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Figure 6. Effect of adsorbent (PPSA) dose on removal of RB19 dye
(pH = 11; initial dye concentration = 100 mg/L; and contact time =
30 min).

Effect of Initial Dye Concentration on Dye
Removal

Behavior of RB19 adsorption efficiency on PPSA
was studied under various initial dye concentrations
ranging from 25 to 500 mg/L. PPSA dose was kept
constant at 4 g/L and pH was adjusted to 11. Results
are presented in Figure 7. Removal efficiency in-
creased from 84.84% to 90% with increases of initial
dye concentration ranging from 25 mg/L to 100 mg/L
and then decreased from 90% to 68.65% for the ini-
tial dye concentration between 100 to 500 mg/L. Initial
number of dye molecules is low at a lower concentra-
tion. However, available surface area of the adsorbent
is high [34,35]. Therefore, when increasing initial
dye concentration from 25 mg/L to 100 mg/L the dye
concentration to adsorbent sites ratio will be higher.
A similar trend was also observed by this group for
removal of RB 19 using dried pulp and paper sludge
[13] and wood waste [12] as well as other from another
researcher for removal of acid yellow 17 using brewing
industry waste [34].

O or the amount of removed dye per unit mass
of adsorbent (mg/g)) versus initial dye concentra-
tion is displayed in Figure 7. It was observed that Q
increased with increases of dye concentration and
reached from 5.3 to 85.81 mg removed dye/g PPSA.
Similar trends were presented by other research-
ers for dye removal [33,36,37]. For example, modi-
fied rice straw [32], activated carbons prepared from
sunflower seed hull [38], and orange peel activated
carbon [23] exhibited more adsorption capacity. This
may be due to special types of activation processes
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Figure 7. Effect of initial dye concentration on dye removal efficien-
cy and Q (pH = 11; adsorbent dose = 4 g/L; and contact time = 30
min).

on to raw materials which were altered into better ad-
sorbents. However, adsorption capacity of PPSA com-
pared more to adsorption capacity of lignin [39], cotton
plants wastes [37], coir pith, sawdust, sugarcane fiber
[40], and Mansonia wood sawdust [41]. In addition,
adsorption capacity of PPSA and other adsorbents de-
rived from MWPI as well as other example adsorbents
are displayed in Table 3.

Adsorption Isotherms

The adsorption isotherm indicates how adsorption
molecules distribute between the liquid phase and solid
phase when the adsorption process reaches an equilib-
rium state [20]. An interaction between the adsorbent
and adsorbate to obtain adsorption isotherm studies
were carried out with different initial dye concentration
ranging from 25 to 500 mg/L while adsorbent doses
of 4 g/L, contact times of 30 minutes, pH’s of 11, and
temperatures of 23 = 1°C were kept constant. Three
important isotherms the Langmuir, Freundlich, and
Temkin were tested. Isotherms parameters are provid-
ed in Table 4 [45]. Applicability of the Langmuir iso-
therm suggests monolayer coverage of the dye on the
surface of the adsorbent [46]. The Freundlich isotherm
is regarded as an empirical isotherm and indicates sur-
face heterogeneity of the adsorbent [21]. The Temkin
isotherm assumes that heat of adsorption for all mol-
ecules in the layer decreases linearly with coverage due
to adsorbent-adsorbate interactions, and adsorption is
characterized by a uniform distribution of binding en-
ergies up to some maximum binding energy [47].

A correlation coefficient from three isotherm mod-
els and a Chi-square test was used for finding the best
isotherm model for adsorption of RB19 on PPSA.

Table 3. Adsorption Capacity of Different Adsorbents.

Adsorption Capacity

Adsorbents Dye (mg/g) References
Wood waste (WW) Reactive blue 19 30.92 [12]
Dried pulp and paper sludge (DPPS) Reactive blue 19 33.11 [13]
Acid treated pulp and paper sludge (ATPPS) Reactive blue 19 35.6 [14]
Basic treated pulp and paper sludge (BTPPS) Reactive blue 19 18.7 [14]
ZnCl, treated pulp and paper sludge (ZTPPS) Reactive blue 19 47.7 [14]
Pulp and paper sludge ash (PPSA) Reactive blue 19 85.81 present study
Treated ginger waste Malachite green 84.03 [17]
Orange peel activated Carbon Direct Nblue_106 107.53 [23]
Lignin Reactive red HE_3B 10.7 [39]
Mansonia wood sawdust Methyl violet 24.6 [41]
Modified rice straw Basic green 4 238.1 [32]
cotton plant wastes Remazol Black B reactive dye 35.7 [37]
activated carbon prepared from jute sticks Brilliant Green dye 480 [42]
Lignite Methylene blue 370 [43]
Magnetic fluid modified peanut husks Crystal violet 80.9 [44]
activated carbons from sunflower seed hull Acid blue 15 125 [38]
Coir Pith Rhodamine B 55.54 [40]
Sawdust Rhodamine B 17.35 [40]
Sugarcane Fiber Rhodamine B 15.98 [40]
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Table 4. Isotherm Equations.

Isotherm Name Isotherm Equation

Parameters

C, = concentration of dye at equilibrium (mg/L)

C,

1
Langmuir isotherm -

_1 %,
Ge KLQm Qm ()

q, = amount of dye adsorbed per amount of adsorbent at equilibrium (mg/g)
K, = Langmuir adsorption constant (L/mg)

Q,, = theoretical maximum adsorption capacity (mg/g)

C, = concentration of dye at equilibrium (mg/L)

Freundlich isotherm logq, =logKg +%IogCe (3)

q, = amount of dye adsorbed per amount of adsorbent at equilibrium (mg/g)
Kg = an indicator of the adsorption capacity (mg/g (L/mg)'")

n = adsorption intensity

C, = concentration of dye at equilibrium (mg/L)

Temkin isotherm 9o =B/InK; +B,InC,  (4)

q, = amount of dye adsorbed per amount of adsorbent at equilibrium (mg/g)
K7 = equilibrium binding constant (L/mg)

B, = heat of adsorption

The Chi-square test statistic is basically the sum of
squares of the differences between experimental data
and data obtained by calculations from models with
each squared difference divided by corresponding
data obtained by calculation. Equivalent mathematical
statement is [45]:

2
X2 _ % (qe,exp _qe,calc)

i=1 9eexp

)

where g, ., 1s experimental data for equilibrium capac-
ity (mg/g) and g, . is equilibrium capacity obtained
by calculation from the model (mg/g). If data from the
model are similar to experimental data, X?> will be a

small number and if they are different X*> will be a large
number [45].

For calculation of isotherms models, the SOLVER
add-in in Microsoft Excel was used. Three isotherms
models fitted to g, vs. C, graphs using nonlinear regres-
sion are displayed in Figure 8. Additionally, calculated
isotherms constants, correlation coefficients (R?) and
Chi-square test results are presented in Table 5. Results
from indicate the Temkin adsorption isotherm was the
best model for dye adsorption on PPSA.

Adsorption Kinetics

Numerous kinetic models have been proposed to

100
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=
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c.; 30 —a - Freundlich
N .
£ 20 = >@=Temkin
2
E 1w
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Liqui d-phase concentrations of dye at equilibrium
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Figure 8. Adsorption isotherms of RB19 onto PPSA.
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Table 5. Adsorption Isotherms Constants.

Isotherm Type

Isotherm Constants R2 X2

Langmuir K, =0.0238(L/mg), Q,,= 112.8646 (mg/g)
Freundlich
Temkin K, = 0.2695 (L/mg), B, = 23.2079

0.9788 6.88

K- = 7.8173 (mg/g (L/mg)""), n = 2.0498 0.9761 32.22

0.9957 7.32

elucidate the mechanism by which pollutants may be
adsorbed. The mechanism of adsorption depends on
physical and/or chemical characteristics of an adsor-
bent and on the mass transport process [48]. The kinet-
ics parameters for the adsorption process were stud-
ied for contact time ranging from 1 to 90 minutes by
monitoring the dye percent removal to investigate the
mechanism of sorption. The following important kinet-
ics models were applied in this study:

Pseudo-first Order Model

The pseudo-first order equation of Lagergren is ex-
pressed as follows [45]:

_g)= K 6
log(. —4,) = log(q.) = 5= ©)
where ¢, and ¢, are the sorption capacities at equilibri-
um and at time ¢ (min), respectively (mg/g). K, (min™)
is the rate constant. When adsorption is preceded by
diffusion through a boundary the kinetics in most sys-
tems follows a pseudo-first-order equation [49].

Pseudo-second Order Model

The pseudo-second order model is presented by the
following equation [45]:

t 1 N 1 ;
= - 7
4q; quez 9. )

K, is the rate constant for pseudo-second order sorp-
tion (g/mg.min). The pseudo-second order model is
based on the assumption that the rate-limiting step may
be chemical sorption involving valence forces through
sharing or exchange of electrons between the adsor-

Table 6. Adsorption Kinetics Constants.

Kinetics Type Kinetics Constants R?

Pseudo-first order K, =—4.2236 (min~") 0.999988
Pseudo-second order K, = 2.4676 (g/mg.min) 0.999993
Elovich model a=22.7685, b =0.0939 0.999998

bent and adsorbate. Sorption capacity is assumed to be
proportional to numbers of active sites occupied on the
adsorbent [20].

Elovich Model

The simple Elovich model equation is expressed by
the following equation [45]:

g =a+blnt (8)

The slope and intercept of plot of ¢ vs. In(¢) were
used to calculate values for the constants a and b.

SOLVER add-in in Microsoft Excel was used to
calculate kinetics models. Displayed in Figure 9 three
kinetics models fitted to g, vs. ¢ graphs by nonlinear
regression. Kinetics constants and correlation coeffi-
cients (R?) are presented in Table 6. Results indicate
that the adsorption process follows an Elovich model
with an R? of 0.999998. It is noteworthy that different
of correlation coefficient of three kinetics models are
very slight.

Treatment of Real Textile Wastewater Using PPSA

Experimentation using real textile wastewater con-
taining RB19 dye was also done under optimal experi-
mental conditions except for initial dye concentration.
Experimental condition values of contact time were

25
24
& Experiment data
=~ 23 i s .
g B ) —{— Pseudo-first order
g
s 22 —a - pseudo-second
order
21 ->=-Elovich
20

0 20 40 60 80 100
t(min)

Figure 9. Adsorption kinetics of RB19 onto PPSA.
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set at 30 min, initial pH at 11, and adsorbent dose at
4 g/L. Initial dye concentration for real textile waste-
water was 500 mg/L. The dye removal efficiency and
O were obtained 59.16% and 73.86 mg/g using PPSA,
respectively. However, under similar conditions (as
above mentioned) for synthetic wastewater the dye
removal efficiency and Q were obtained 68.65% and
85.81 mg/g, respectively.

CONCLUSIONS

Pulp and paper industry activities are of great en-
vironmental importance due to quantities of different
residuals especially sludge generated either in raw or
ash forms. This work introduced pulp and paper sludge
ash, a new low-cost waste material, as an adsorbent for
dye removal from wastewater. PPSA appeared to be an
adsorbent with a high specific surface area and its pores
of different sizes and shapes was suitable for removing
high concentrations of RB19. Results suggested rapid
adsorption was observed in the first minutes and then
became constant. Minimum and maximum removal
efficiency was obtained at 29.68% and 95% and for
pH at 7 and 12, respectively. Removal efficiency in-
creased with a higher dose of adsorbent and maximum
dye removal efficiency (92.59%) was observed in the
highest applied adsorbent dose (12 g/L). First, with in-
creases of initial dye concentration removal efficiency
increased from 84.84% to 90% with increases of ini-
tial dye concentration ranging from 25 mg/L to 100
mg/L and then it declined from 90% to 68.65% within
the range of higher initial dye concentration (100 to
500 mg/L). However, Q increased with increases of
dye concentration and reached to 85.81 mg removed
dye/g PPSA. The adsorption process follows a Temkin
isotherm model and a Elovich kinetic model. Regard-
ing the real textile wastewater containing RB 19, the
dye removal efficiency was obtained at 59.16% using
PPSA. Therefore, PPSA can be considered as a novel,
natural, local, and inexpensive adsorbent for remov-
ing RB19 dye in synthetic and real textile wastewaters.
Further studies may examine different factors for wide
application of this adsorbent.
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