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Incidental  ingestion  of Chromite  ore  processing  residue  (COPR)  particles  poses  a  potential  health  risk. The
purpose  of  this  study  was  to  determine  the  Cr bioaccessibility  from  COPR  using  the  in  vitro  gastrointestinal
(IVG)  procedure.  The  bioaccessible  Cr(VI)  was  53.8%  and  42.9%,  respectively,  in  the  gastric  and  intestinal
phases  from  a total  of  19  490  mg  kg−1 Cr(VI)  in COPR.  Food  intake  including  milk,  dough,  and  ascorbic  acid
resulted  in  a significant  decrease  in Cr(VI)  bioaccessibility.  Some  organic  acids  such  as  lactic,  malic,  and
citric acid  moderately  reduced  Cr(VI),  while  acetic  acid  exhibited  no  capacity  for  Cr(VI)  reduction.  The
integrated  area  under  the  concentration–time  curve  (AUC)  of  the  IVG  extraction  was  used  to calculate
hromite ore processing residue
n vitro gastrointestinal method
ioaccessibility
r speciation
rea under the concentration–time curve

bioaccessibility.  Compared  with  the  bioaccessibility  conventionally  estimated  using  concentrations  at
the end  of  the  extraction  (CEP),  the  AUC  technique  should  be implemented  to confirm  the  accuracy  of
the  IVG  method  when  reduction  of  Cr(VI)  occurs  during  the  extraction.  The  absence  of  Cr(VI)  phases
in  extracted  residues  as  evidenced  by  XANES  and  XRPD  analysis  confirmed  the  Cr(VI)  release  and  Cr(VI)
reduction by  food  and  ascorbic  acid.  With  readily  bioaccessible  Cr(VI)  and  rapid  human  uptake,  reduction
of Cr(VI)  might  not  be as  effective  a detoxification  pathway  as initially  thought.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Chromite ore processing residue (COPR) is a solid waste gen-
rated during the production of hexavalent chromium (Cr(VI)) by
lkaline high-temperature roasting and leaching [1].  Millions of
ons of COPR have been deposited in urban areas around the world
ncluding UK, USA, India, Pakistan and China [2–4]. Cr(VI) continues
o leach out from sites abandoned over 40 years ago at concentra-
ions of up to 100 mg  L−1 [5,6]. Various studies have suggested that
onsumption of Cr(VI)-contaminated drinking water or inhalation
f Cr(VI)-contaminated dust could lead to cancer [7].  Based on the
rinary Cr levels following oral administration, the absorption of
oluble Cr(VI) (6.9%) in humans is 53 times higher than that of sol-
ble Cr(III) [8].  Besides the lungs and intestinal tract, the liver and
idney are often target organs for Cr(VI) toxicity [7].

In addition to inhalation and drinking, incidental ingestion of
r-contaminated soils is a potential important exposure route for

earby residents. For example, over 130 COPR contaminated sites
xisted in Hudson County, New Jersey, the United States in 1991
3]. Characterization of house dust in the same county in 1992

∗ Corresponding author. Tel.: +86 10 6284 9523; fax: +86 10 6284 9523.
E-mail address: cyjing@rcees.ac.cn (C. Jing).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.01.009
confirmed that household exposure to Cr occurs near Cr waste
sites [9].  Therefore, accurate evaluation of health risks associated
with COPR ingestion presents an urgent need [10]. Thus far there
have been few studies of Cr speciation and dissolution from COPR
in the human gastrointestinal tract.

Recently, chemical in vitro extraction methods have been devel-
oped as alternatives to the much more expensive in vivo approach
to determine bioaccessibility [11–13].  Among various in vitro tech-
niques, the in vitro gastrointestinal (IVG) method proposed by
Rodriguez and Basta [14] has been well established to have a close
correlation with in vivo results [13,15]. Therefore, the in vitro gas-
trointestinal method was  expected to be applicable to potentially
harmful elements in general. Most IVG studies calculate bioaccessi-
bility using the concentrations at the end of the gastric or intestinal
extraction phases [12,15,16].  However, this single time-point IVG
method does not explore temporal changes of concentration during
the extraction process, suggested as being essential to the accurate
determination of bioaccessibility [17].

Chromium speciation presents a unique challenge in precisely
deriving the bioaccessible Cr from COPR. Anionic Cr(VI), which

readily crosses cellular membranes, could be reduced in the
human body to cationic Cr(III), which is incapable of cellular
transport and metabolism [18,19]. Simulated synthetic stomach
fluids used in bioaccessibility studies could reduce Cr(VI) through

dx.doi.org/10.1016/j.jhazmat.2012.01.009
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cyjing@rcees.ac.cn
dx.doi.org/10.1016/j.jhazmat.2012.01.009
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 combination of low pH and soluble organic matter from ingested
r(VI)-contaminated soil [20]. However, the impact of food inges-
ion on the rate and extent of Cr(VI) reduction from COPR per se is
oorly understood.

The objectives of this research were to (1) determine Cr bioac-
essibility and speciation in COPR, and (2) study the impact of
ood and organic acids on the Cr bioaccessibility. To investi-
ate the health risks of ingested COPR, we compared the Cr(VI)
ioaccessibility conventionally obtained from the concentration
t the end of phase (CEP) and from the integrated area under
he concentrations–time curve (AUC). X-ray absorption near edge
tructure spectroscopy (XANES) and X-ray powder diffraction
XRPD) were used to investigate the impact of different organic
cids upon the reduction of Cr(VI) in the simulated gastrointestinal
ract.

. Materials and methods

.1. Reagents

Pepsin (cat. no. P7000), bile salt (cat. no. B8631) and pancre-
tin (cat. no. P1500) from Sigma, Chemical Co., St. Louis, MO were
sed to simulate the human gastrointestinal fluids. Two kinds of
ood, powdered milk (Inner Mongolia Yili Industrial Group Co., Ltd.,
hina) and dough (Beijing Guchuan Food Co., Ltd., China) were pur-
hased from a local supermarket. Five organic acids were used in
he study, where ascorbic, lactic and malic acids were purchased
rom Sinopharm Chemical Reagent Co., Ltd. (China), and glacial
cetic and citric acids were from Beijing Chemicals Corporation
China). The chemical formulas of these organic acids are shown
n Supplementary Data (SD) Fig. S1.  All reagents were of analytical
eagent grade and were used without further purification. The stan-
ard reference material (SRM) of COPR (GSB07-1019-1999) was
btained from the Institute for Environmental Reference Materials
f Ministry of Environmental Protection (Beijing, China). Milli-Q
ater was used in all experiments.

.2. COPR sample

COPR samples were collected from the upper-most layer at an
pen-air disposal site in Jinan, China. Before its closure in June 2006,
he chromate production company had been in business for about
8 years and produced 40 000 metric tons per year of chromate
sing the high-lime procedure, and 60 000 metric tons per year of
OPR as waste. The samples were thoroughly mixed on a rotator
t 40 rpm for 2 h, and then passed through an 80 mesh sieve to
btain small particles (<200 �m)  which may  adhere to the hands
or incidental ingestion [14]. The sieved samples were stored in
apped containers before use.

.3. Characterization

Total metal contents in COPR were determined according to
SEPA method 3051A [21]. The accuracy and precision of this
icrowave digestion method were validated with the COPR SRM.

he soluble metal concentrations were determined using graphite
urnace atomic absorption spectrometry (AAS800, Perkin Elmer Co.,
SA) and inductively coupled plasma optical emission spectrome-

ry (ICP-OES Optima 2000 DV, Perkin Elmer Co., USA). An alkaline
igestion test was conducted to determine Cr(VI) content in
olid samples following USEPA method 3060A [22]. Soluble Cr(VI)
oncentrations were determined using a Hach DR 2800 spectropho-

ometer based on USEPA method 7196A [23]. X-ray absorption near
dge structure (XANES) spectroscopy was employed to study the Cr
peciation in COPR and in the post-extraction residues. X-ray pow-
er diffraction (XRPD) was applied to examine the mineralogical
rials 209– 210 (2012) 250– 255 251

compositions in COPR and in the extracted residues. The details of
XRPD and XANES are summarized in the SD.

2.4. In vitro gastrointestinal extraction procedure

Chromium bioacccessibility was  evaluated using the IVG
method proposed by Rodriguez and Basta [14]. Briefly, 1.2 g COPR
was  mixed with 180 mL  synthetic gastric fluids in a 250 mL  flask in
a water bath at 37 ◦C. The synthetic gastric juice was composed of
0.15 M NaCl and 1% (w/v) pepsin. Then, the gastric solution pH was
adjusted to and controlled at 1.8 with concentrated HCl during the
entire gastric extraction (1 h). The solution was purged with nitro-
gen gas and 1 mL  of antifoam A (Sigma, US) was  added to remove
the excessive foam. Samples (1-mL for each time) were collected at
0, 3, 5, 7, 10, 15, 20, 30, 45, and 60 min  in the gastric phase. The sam-
ples were centrifuged at 10 000 rpm for 5 min, and the supernatant
was  used to determine soluble Cr, Cr(VI), and Fe concentrations.
After a 1-h gastric extraction, the solution was adjusted to simulate
intestinal fluid by increasing the pH to 5.5 with saturated NaHCO3
solution and adding 0.35% porcine bile extract and 0.035% porcine
pancreatin. This intestinal extraction was sustained for another
hour. Samples (1-mL for each time) were collected at 3, 5, 7, 10,
15, 20, 30, 45, and 60 min  in the intestinal phase, and processed as
described above.

Triplicate COPR samples were extracted in parallel experimental
settings for quality control purposes. The relative standard devia-
tion (RSD) was  calculated as an indication of method precision;
generally RSDs of less than 15% are deemed acceptable. The Cr
bioaccessibility was calculated using the following Eq. (1) [14]:

In vitro bioaccessible Cr (%) =
[

in vitro extracted Cr
total Cr

]
× 100 (1)

where in vitro extracted Cr is the Cr concentration at the end of the
gastric or intestinal phase.

2.5. Cr(VI) reduction in IVG solution

To investigate the possible reduction of Cr(VI) by the IVG fluid
itself, 1 and 30 mg  L−1 Cr(VI) as K2CrO4 was added into the IVG fluid.
Samples were collected at the designated intervals as described
above. The samples were centrifuged and the supernatant was used
for Cr(VI) measurements.

2.6. Impact of food and organic acids

The effects of dough, milk, and various organic acids on the
Cr(VI) bioaccessibility were examined by adding 60 g dough [12],
9 g powdered milk [13], 0.5 g ascorbic acid, 0.5 g citric acid, 0.42 mL
lactic acid, 0.5 g malic acid, and 0.5 mL  acetic acid [24,25], respec-
tively, to separate samples at the beginning of the IVG process.

3. Results and discussion

3.1. COPR characterization

The metal contents in COPR are shown in Table 1 with the
mean value and the standard deviation of triplicate samples. Total
Cr concentrations were 57 570 ± 660 mg  kg−1 determined using
microwave-assisted acid digestion. The acid digestion method
was  validated as evidenced by the good agreement between
detected and certified values for SRM (Table 1). The Cr(VI) content
of 9400 ± 200 mg  kg−1 was obtained using the alkaline diges-

tion. On the other hand, XANES analysis in Fig. 1 shows that
19 490 mg  kg−1, i.e. approximately 34% of total Cr, was present
as Cr(VI) in COPR. Consistent with our results, Geelhoed et al.
[1] have reported that approximately 30% of the Cr in COPR is
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Table  1
Content of major elements in COPR and SRM (mg  kg−1).

Element COPR SRM

Detected Certifiedb

Total Cr 57 570 ± 660 34 240 ± 1 220 32 100 ± 1 300
Fe 55 360 ± 2 500 69 920 ± 980 71 600 ± 2 600
Ca  168 700 ± 7 400 194 500 ± 1 600 197 000 ± 7 000
Mg 69  210 ± 2 750 141 700 ± 800 145 000 ± 7 000
Na 30  930 ± 550 10 720 ± 130 11 400 ± 700
Al  28 630 ± 1 450 31 490 ± 530 32 400 ± 1 600
Si  29 110 ± 1 520 28 600 ± 390 28 100 ± 1700
Mn  550 ± 40 1 070 ± 10 1 500 ± 130
Cr(VI)a 19 490a n/ac

a Determined with XANES analysis.
b Obtained from SRM.
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Fig. 2. The XRPD patterns for COPR and IVG-extracted residues with the addition
c Non-available.

n the Cr(VI) form. The difference in Cr(VI) percentage obtained
ith alkaline digestion (16%) and XANES (34%) suggests that the

lkaline digestion may  underestimate the Cr(VI) content. The
bservation was in agreement with recent reports comparing
he alkaline digestion and XANES analysis [26,27]. Therefore,
he Cr(VI) content determined with XANES (19 490 mg  kg−1)
as used in the following bioaccessibility calculations. The min-

ral assemblage of COPR in this study (Fig. 2) was consistent
ith COPR mineralogy reported previously for COPR materials

rom Glasgow and New Jersey [1,27].  Cr(VI)-bearing minerals
dentified in COPR include stichtite (Mg6Cr2CO3(OH)16·4H2O),
ydrotalcite (Mg6Al2(CO3)(OH)16·4H2O), katoite (Ca3Al2(OH)12),
nd calcium aluminum chromium oxide hydrate (CAC)
3CaOAl2O3CaCrO4·14H2O), which are demonstrated
osts for Cr(VI) in COPR samples through anionic
ubstitution [28–30].
ig. 1. Chromium K-edge XANES spectra for K2CrO4, COPR, Cr2O3, IVG extracted
esidues (control) and various food addition samples including dough, powdered
ilk, and organic acids such as ascorbic, citric, malic, lactic, and acetic acids. LCF

tting result (♦) for COPR: 33% Cr(VI), 67% Cr (III).
of  milk, dough, and ascorbic, citric, malic, lactic, and acetic acids. B: brownmillerite;
Br: brucite; Q: quartz; S: stichtite; H: hydrotalcite; CAC: calcium aluminum oxide
chromium hydrate; E: ettringite; K: katoite; C: calcite; A: albite; P: periclase.

3.2. Reduction of Cr(VI) in IVG fluids

No Cr(VI) reduction occurred when the prepared 1 and
30 mg  L−1 Cr(VI) solutions underwent the IVG extraction (Fig. 3).
The observation demonstrates that pepsin, bile, and pancreatin
could not reduce Cr(VI). Our results were also in contrast to a pre-
vious hypothesis that ingested Cr(VI) might be reduced to Cr(III)
because the extreme low pH condition of the stomach favours the
Cr(VI) reduction [31,32]. The Eh-pH diagram (SD Fig. S2)  shows that
the Cr(VI) reduction under experimental conditions is thermody-
namically feasible. However, the system was  not at equilibrium
status because of the slow rate of the redox reactions in the absence

of foodstuff. Our different findings indicate that any reduction of
Cr(VI) in our bioaccessibility studies on COPR will not have resulted
from the IVG fluids themselves. The results highlight the need for
further investigation into Cr speciation and bioaccessibility.

Fig. 3. Change of Cr(VI) concentrations during the in vitro gastrointestinal extraction
with (�) 1 and (♦) 30 mg L−1 Cr (VI).
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.3. Chromium bioaccessibility

The bioaccessible Cr(VI) and Cr(III) was 53.8% and 22.6%, respec-
ively, in the gastric phase from the original COPR sample used as

 control (Table 2). Nevertheless, the bioaccessibility in the intesti-
al phase was reduced to 42.9% for Cr(VI) and 3.0% for Cr(III). The
ecrease of the Cr bioaccessibility from the gastric to intestinal
hase was coupled with the marked diminution of bioaccessible
e (Table 2). This observation could be the result of three concur-
ent reactions as pH increased from 1.8 in the gastric phase to 5.5
n the intestinal phase: Cr adsorption on in situ formed iron oxides,
r(III) precipitation, and coprecipitation of Cr and Fe. Meanwhile,
ur bioaccessibility results were higher than reported values for
ome Cr(VI)-contaminated soils where reduction by soil organic
atter may  have played a part [20], suggesting that COPR per se

oses a greater health risk.
In the presence of powdered milk and dough, the bioaccessible

r(III) was increased in the gastric and intestinal phases (Table 2).
n the other hand, the Cr(VI) bioaccessibility was dramatically

educed by an order of magnitude with the addition of dough
nd powdered milk. The decrease of bioaccessible Cr(VI) might be
ttributed to the reduction of Cr(VI) by organic components in milk
nd dough as shown in SD Tables S1 and S2.

The addition of organic acids such as acetic, ascorbic, citric,
actic, and malic acid increased the bioaccessibility of Cr(III) as com-
ared with the control sample (Table 2). No significant difference
as observed for bioaccessible Cr(VI) between control and acetic

cid samples (n = 3, p > 0.05). With the exception of acetic acid, how-
ver, all tested organic acids reduced the Cr(VI) bioaccessibility. The
istinct effects of organic acids could be attributed to their molec-
lar structures (SD Fig. S1).  Ascorbic acid resulted in the lowest
ioaccessible Cr(VI) most probably because of its reduction capac-

ty via its hydroxyl groups [33]. Cr(VI) may  be catalytically reduced
n the acidic gastric solution by �-OH carboxylic acids including lac-
ic, citric, and malic acids [34–36].  No Cr(VI) reduction was observed
n the presence of acetic acid because acetic acid contains no �-OH
roup [35].

.4. Digestion kinetics

The changes of Cr(VI), Cr(III), and Fe concentrations as a function
f digestion time are shown in Fig. 4 for control and food addition
amples. A modified calculation method using the integrated area
nder the concentration–time curve (AUC) was used to determine
he bioaccessibility, and the results are listed in Table 2 for compar-
son with the conventional method using the concentration at the

nd of phase (CEP). The impact of food ingestion on Cr(VI) bioac-
essibility obtained using AUC was similar to that of CEP (Table 2).
oods could be categorized into three groups based on cluster anal-
sis (SD Fig. S3): foods inert to Cr(VI) bioaccessibility such as acetic

able 2
ioaccessibility in gastric and intestinal phases evaluated using CEP and AUC methods.

Samples Gastric bioaccessibility (%) 

Cr(VI) Cr(III) Fe 

CEP AUC CEP AUC CEP AUC 

Control 53.8 ± 2.0 50.3 ± 1.4 22.6 ± 2.7 22.1 ± 3.5 18.5 ± 0.2 17.0 ± 1.4
Milk  2.1 ± 1.0 2.1 ± 0.4 79.7 ± 3.5 81.4 ± 3.2 22.5 ± 3.2 56.7 ± 2.3
Dough  0.4 ± 0.3 6.2 ± 4.1 52.4 ± 1.1 50.7 ± 4.1 13.1 ± 3.4 35.6 ± 2.1
Acetic  54.0 ± 1.0 54.0 ± 0.9 48.7 ± 3.1 41.1 ± 1.5 36.0 ± 3.0 47.2 ± 1.2
Malic 29.8  ± 1.5 32.1 ± 0.4 64.3 ± 2.7 57.0 ± 2.0 29.5 ± 0.4 50.5 ± 1.5
Citric  21.2 ± 0.1 22.8 ± 0.6 69.5 ± 3.2 63.3 ± 1.2 35.6 ± 1.1 51.6 ± 1.0
Lactic 16.7 ± 1.6 20.2 ± 1.4 87.7 ± 6.7 75.2 ± 3.7 24.1 ± 0.1 59.2 ± 2.6
Ascorbic  0.3 ± 0.1 0.3 ± 0.1 73.7 ± 4.8 63.3 ± 1.7 41.8 ± 0.2 43.6 ± 1.2
Fig. 4. Kinetics of Cr(VI), Cr(III) and Fe with COPR during the in vitro gastrointesti-
nal  extraction. Gastric phase was during 0–60 min; intestinal phase was during
60–120 min. Error bars represent the standard deviation (n = 3).

acid; moderate Cr(VI) reducers such as lactic, citric, and malic acids;
and Cr(VI) scavengers including milk, dough, and ascorbic acid.

A side-by-side comparison between AUC and CEP results
demonstrates that the CEP method may  inaccurately estimate the
Cr bioaccessibility in COPR (Table 2). For example, the CEP method
underestimated the bioaccessible Cr(VI) by an order of magnitude
for the dough sample. A close examination of the kinetic data
in Fig. 4 suggests that the Cr(VI) concentration decreased from
27.7 mg  L−1 at the beginning of the gastric phase to 0.5 mg L−1 at the
end of the intestinal phase. The CEP method assumes that any Cr(VI)
reduction is instantaneous; however, this assumption resulted in
an underestimation when redox transformation occurred in Cr(VI)
samples. On the other hand, the CEP method may  overestimate
the Cr(III) bioaccessibility when concentrations of Cr(III) and Fe
increased with time (Fig. 4). In conclusion, the AUC method, which
is universally accepted as characteristic of the extent of drug
absorption [37,38],  should be implemented to confirm the accuracy
of the CEP method.
The rate and extent of Cr release are of equal importance. Cr(VI)
was  readily bioaccessible as evidenced by its instantaneous occur-
rence and unchanged concentrations when COPR was  exposed to
the simulated gastric juice except for the dough sample (Fig. 4). A

Intestinal bioaccessibility (%)

Cr(VI) Cr(III) Fe

CEP AUC CEP AUC CEP AUC

 42.9 ± 1.8 46.0 ± 0.2 3.0 ± 2.9 13.0 ± 1.6 0.3 ± 0.1 0.2 ± 0.1
 1.0 ± 0.1 1.5 ± 0.4 57.4 ± 14.3 71.7 ± 1.6 16.8 ± 3.0 49.8 ± 2.8
 2.8 ± 2.3 4.4 ± 2.5 26.3 ± 3.8 40.1 ± 0.9 0.8 ± 0.6 28.0 ± 0.7
 44.8 ± 1.6 49.4 ± 0.5 6.8 ± 1.3 24.6 ± 1.2 0.6 ± 0.4 34.2 ± 1.0
 25.3 ± 0.5 28.7 ± 0.5 58.2 ± 0.6 57.5 ± 1.1 28.4 ± 1.3 49.6 ± 0.8

 16.9 ± 1.0 19.9 ± 0.4 70.9 ± 3.5 65.7 ± 06 34.7 ± 0.9 52.2 ± 0.6
 15.5 ± 2.4 18.8 ± 1.3 26.8 ± 6.5 52.6 ± 3.0 1.7 ± 1.1 42.8 ± 1.9
 0.1 ± 0.0 0.2 ± 0.0 23.8 ± 0.8 43.3 ± 1.0 32.9 ± 5.3 29.9 ± 0.7
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Table  3
Carcinogenic risk (CR) and hazard quotient (HQ) of chromium for children.

Samples Gastric Intestinal

Cr(VI) CR (×10−4) Cr(III) HQ (×10−3) Cr(VI) CR (×10−4) Cr(III) HQ (×10−3)

Control 18.6 ± 0.5 37.3 ± 5.8 17.3 ± 0.3 21.9 ± 2.8
Milk  0.8 ± 0.2 137.4 ± 5.4 0.6 ± 0.1 121.0 ± 7.1
Dough  2.3 ± 1.5 85.6 ± 6.9 1.6 ± 0.9 67.7 ± 1.6
Acetic 20.0 ±  0.5 69.4 ± 2.6 18.3 ± 0.2 41.4 ± 2.0
Malic 11.9 ± 0.2 96.1 ± 3.4 10.6 ± 0.2 97.0 ± 1.8
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Citric  8.4 ± 0.3 106.9 ± 2
Lactic  7.9 ± 0.8 126.9 ± 6
Ascorbic  0.1 ± 0.0 106.9 ± 2

revious study demonstrated a greater absorption of Cr(VI) than
r(III) in the human gastrointestinal tract [8].  With a spontaneous
r(VI) release from COPR and the following rapid human uptake,
eduction of Cr(VI) might not be as effective a detoxification path-
ay as initially thought.

.5. Risk assessment

The chemical daily intake (CDI) was calculated to evaluate the
orst case scenario for potential COPR risks to children. The CDI val-
es in the unit of mg  kg−1 d−1 were determined using the following
q. (2) [39]:

DI = C × IR × EF × ED
BW × AT

(2)

here C is the Cr concentration in COPR (mg  kg−1); IR is the inges-
ion rate (200 mg  d−1) [40]; EF is the exposure frequency (182 d y−1)
41]; ED is the exposure duration (4 years for preschool children)
42]; BW is the average body weight (15 kg) [40]; and AT is the aver-
ging time (for non-carcinogens, AT = ED × 365 d; for carcinogens,
T = 70 y × 365 d y−1 = 25 550 d) [39].

The CDI was 7.4 × 10−3 mg  kg−1 d−1 for Cr(VI), and
.25 mg  kg−1 d−1 for Cr(III). The results suggest that the Cr(VI)

ntake from COPR was over two times higher than the USEPA
ral reference dose (RfDo) of 3 × 10−3 mg  kg−1 d−1 for Cr(VI) [43],
hile the Cr(III) intake was about an order of magnitude lower

han the Cr(III) RfDo of 1.5 mg  kg−1 d−1 [43]. However, the above
DI calculation did not consider the impact of food and organic
cids on the Cr bioaccessibility. To include bioaccessibility in the
isk assessment, the nondimensional carcinogenic risk (CR) for
r(VI) and non-carcinogenic hazard quotient (HQ) for Cr(III) were
alculated using Eqs. (3) and (4),  respectively [39,44]:

R = CDI × B × SFo (3)

Q = CDI ×  B
RfDo

(4)

here B is the bioaccessibility, and oral cancer slope factor (SFo)
s 0.5 (mg  kg−1 d−1)−1 [43]. The results listed in Table 3 indicate
hat the Cr(VI) CR values from COPR were 18.6 × 10−4 in the gastric
hase and 17.3 × 10−4 in the intestinal phase, more than 15 times
igher than the safe value (1 × 10−4) determined by the USEPA [44].
mong the foodstuffs and organic acids, milk and ascorbic acid
ould significantly reduce the CR of Cr(VI) to a safe value (Table 3).
eanwhile, the Cr(III) HQ values from COPR were 37.3 × 10−3 in

he gastric phase and 21.9 × 10−3 in the intestinal phase (Table 3).
lthough food and organic acids increased the HQ for Cr(III), their
alues were still much lower than the safe level of 1 established by
he USEPA [44].
.6. Cr speciation

The XANES analyses shown in Fig. 1 indicate that no Cr(VI) was
etected in the residues of the IVG extraction. The absence of Cr(VI)
7.4 ± 0.1 110.9 ± 1.1
7.0 ± 0.5 88.7 ± 5.0
0.1 ± 0.0 73.1 ± 1.7

may  be due to two  reactions. First, Cr(VI) was released from the
solid phase to the artificial gastrointestinal juice. Second, Cr(VI) was
reduced to Cr(III) with the addition of food and organic acids.

The XRPD patterns for COPR and the IVG-extracted residues are
presented in Fig. 2. During extraction, Cr(VI)-bearing minerals, as
well as brucite (Mg(OH)2), ettringite (Ca6Al2(SO4)3(OH)12·26H2O),
periclase (MgO), and calcite (CaCO3) were dissolved in the human
gastrointestinal tract. Therefore, their characteristic peaks cannot
be observed in the XRPD spectra.

Brownmillerite (Ca2(Al,Fe3+)2O5), a Cr(III)-bearing mineral, was
persistently detected in COPR and extraction residue samples
(Fig. 4). Furthermore, no new Cr(III) phases were observed in the
residues, which suggests the formation of amorphous rather than
crystalline Cr(III) minerals where Cr(VI) was  reduced.

4. Conclusions

Accurate determination of the Cr bioaccessibility and specia-
tion is of great importance in evaluation of health risks associated
with ingested COPR. Our results indicated that Cr(VI) would not
be reduced by the simulated gastrointestinal juice itself. Inges-
tion of dough, milk, and organic acids including ascorbic, lactic,
malic, and citric acid can facilitate the Cr(VI) reduction in the IVG
extraction. Furthermore, XANES and XRPD analysis confirmed the
Cr(VI) reduction with food ingestion. In addition, the conventional
method to calculate bioaccessibility using the concentrations at the
end of extraction phase could be improved by integrating areas
under the concentration–time curve of the IVG extraction.
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