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Abstract

Tropical peat soils present higher ash content than those generated at temperate climate areas. Therefore, this study evaluated
the characteristics of a Brazilian organic soil (OS), commercialized as peat, as well as its capacity in removing Cr(VI) from
contaminated waters. The OS is composed of 35.5 wt% of organic matter and 56 wt% of inorganic fraction (ash), which is
formed by minerals and phytoliths rich in silica (29.2 wt%) and alumina (23.6 wt%). The Cr(VI) removal tests were carried
out in batch and column systems using OS and solutions of Cr(VI) prepared with distilled water and groundwater. Batch
tests revealed that the organic substances in the OS caused the reduction of Cr(VI) to Cr(III), with an efficiency depend-
ing on solution pH. At pH 5.0 the Cr(VI) removal was 0.45 mg g~! in 24 h; whereas at pH 2.0, this removal increased to
1.10 mg g~ . Since this redox reaction is very slow, the removal of Cr(VI) at pH 5.0 increased to around 2 mg g~ after 5 days.
The removal of Cr(VI) was more effective in the column tests than in the batch test due to the greater solid/solution ratio,
and their half-lives were 4.4 and 26.2 h, respectively. Chemical analysis indicated that Cr(VI) was reduced by the humic
substances of OS, followed by the precipitation and/or adsorption of Cr(III) into the organic and inorganic components, as
anatase. The presence of Cr(IIl) increased the stability of anatase structure, avoiding its transformation into rutile, even after

being heated at 800 °C/2 h.
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Introduction

Peatland forms in terrestrial wetland ecosystems where the
production of organic matter exceeds its decomposition and
a net accumulation results (Page et al. 2006). According to
standards of the American Society for Testing and Materi-
als (ASTM 2014), peat contains <25% dry weight inorganic
material (ash). These inorganic components of peat include
minerals from the substrate and suspended detritus or precip-
itated from solutions, and also elements absorbed by plants,
known as phytoliths (Cameron et al. 1989).

There are many differences between temperate and trop-
ical deposits of peat, such as structure, texture and com-
position, with features depending on the vegetation type,

P4 Mirian Chieko Shinzato
mirian.chieko@unifesp.br

Instituto de Ciéncias Ambientais, Quimica e Farmacéutica
da Universidade Federal de Sao Paulo (UNIFESP-Campus
Diadema), Rua Sio Nicolau, 210, Diadema, SP 09913-030,
Brazil

hydrology regime, bedrock composition, geomorphology
etc. (Cameron et al. 1989). However, the classification used
for tropical peat deposits is the same as those developed in
humid temperate regions (Wiist et al. 2003).

In the tropical areas, peat soil is formed from woody plant
debris under high-rainfall and high-temperature conditions,
while in temperate and boreal regions, peat originates mainly
from mosses and herbs (Chimner and Ewel 2005). These
plants can contribute to the biogenic ash content of peat,
incorporating up to 10% inorganic material as phytoliths
(Wiist et al. 2003). Therefore, peat chemical composition is
very complex and is commonly formed by bitumens, humic
substances, carbohydrates and lignin (Brown et al. 2000).

Being a low-cost material, this organic rich material has
been used in the remediation of soils and waters contami-
nated by heavy metals. Several studies have demonstrated
the ability of peat to remove heavy metals in solution, such
as Cu®* (Gardea-Torresdey et al. 1996), Ni>* (Janaki et al.
2015) and Pb** (Zehra et al. 2015). According to Crist et al.
(1996) metal uptake on peat is an ion exchange process at
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acidic sites formed from the humification process, such as
humic (HA) and fulvic acids (FA).

The effectiveness of peat organic carbon in reducing the
anionic species of Cr(VI) into cation species of Cr(IIl) was
also analyzed in various studies (Zhilin et al. 2004; Henryk
et al. 2016; Priyantha et al. 2016). This redox properties are
improved by the presence of FA and HA (Mak and Lo 2011).

The rate of Cr(VI) reduction by FA and HA can be
affected by the presence of other redox active solutes in the
system, as ferric iron (Wittbrodt and Palmer 1996). These
authors verified that FA substances reduce Fe(IIl) in solu-
tion faster than HA and, then, Fe(II) reduces Cr(VI) rela-
tively rapid. Thus, the presence of ferric iron (even in a small
amount) increases the rate of Cr(VI) reduction.

The trivalent form of chromium is stable and, at low con-
centrations, is considered an essential element for human
nutrition. However, any concentration of Cr(VI) is toxic
and carcinogenic to humans. Furthermore, due to its anionic
form—as dichromate (Cr,0,?7) and chromate (Cr,0,°")
for example—, Cr(VI) is poorly adsorbed by the soil com-
ponents, being very mobile and therefore, an important
groundwater contaminant (Sharma et al. 2012). According to
USEPA (2017), the current drinking water standard for total
chromium is 0.1 mg L™! (including hexavalent chromium).
Because of uncertainties in the toxicological database of
chromium, the guidelines for drinking-water quality stab-
lished by WHO (2017) states the provisional value for total
chromium of 0.05 mg L.

Usually, the remediation of groundwater contaminated
with Cr(V]) is based on ex-situ technologies, in which the
groundwater is pumped and treated by chemical reactions
to promote the reduction of hexavalent species to the tri-
valent form, followed by its precipitation using basic solu-
tions (Mulligan et al. 2001). One option among the in-situ
remediation technologies are the permeable reactive barriers
(PRB), which are hollow trenches filled with a permeable
reactive material, chosen according to the contaminant spe-
cies (USEPA 1989).

Different PRB filler material, such as zeolites, siderite,
pyrite, zero-valent iron and chitosan have been tested in
the remediation of aquifers contaminated by heavy metals
(Blowes et al. 1997, 2000; Thiruvenkatachari et al. 2008;
Zhang et al. 2012; Zengguang et al. 2013; Wilkin et al.
2005, 2014; Liu et al. 2015). Among these materials, zero-
valent iron has been revealed as a potential reducing agent
of Cr(VI) when used in coarse granular form.

Studies using peat for Cr(VI) removal are scarce and
most of them used peat samples originated in the boreal or
humid temperate regions. Therefore, the main objective of
this study was to evaluate the characteristics and the capacity
of a tropical (Brazilian) peat in the removal of hexavalent
chromium from the contaminated waters. This study should
also subsidize the application of peat as low-cost material
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in PRBs used for remediation of groundwater contaminated
with Cr(VI).

Materials and methods
Organic soil characterization

Samples of organic soil (OS), which is commercialized as
peat to be used in the agriculture, were collected in deposits
of Sdo Luiz do Paraitinga (Sdo Paulo state, Brazil). These
samples were dried at 50 °C for 48 h and homogenized using
the elongated pile method (Goées et al. 2004).

Total carbon (C), hydrogen (H), nitrogen (N) and sul-
fur (S) of OS was determined in CHNS 2400/Perkin Elmer
equipment at Nicleo de Instrumentagdo para Pesquisa
e Ensino of Universidade Federal de Sio Paulo (NIPE/
UNIFESP). The OS organic matter content was calculated
multiplying the carbon content (wt%) by the conversion fac-
tor of 1.724 (proposed by Kiehl 1979).

The OS inorganic content (ash) was calculated from the
loss on ignition (LOI) value subtracted of 100 wt% sample.
The LOI was obtained by igniting the oven-dried sample
in a muffle furnace at 1050 °C for 1 h at Laboratério de
Caracterizagdo Tecnoldgica of Universidade de Sdo Paulo
(LCT/USP). Then, the OS ash chemical composition was
analyzed by X-ray fluorescence (Axios Advanced/Panalyti-
cal) at LCT/USP.

The mineralogical composition of OS was determined
by X-ray diffraction (XRD) using a Bruker D8 Advance dif-
fractometer at NIPE/UNIFESP. This analysis used CuKa
radiation (40 kV, 40 mA), angular range (20) from 3° to 70°,
with pitch 0.020° and counting time of 1.0 s/step.

The particle size distribution was determined by a low
angle laser light scattering technique in aqueous dispersant
in the Malven Mastersize equipment.

The cation exchange capacity (CEC) was analyzed by the
method proposed by Hesse (1971). First, the sample was
saturated with sodium acetate solution (1 mol L™!) at pH
7.0, and then by ammonium acetate (1 mol L~") at pH 7.0.
The concentration of sodium displaced by ammonium was
then determined by the flame spectrophotometer (DM-62/
Digimed).

The anion exchange capacity (AEC) analysis was based
on the method of Wada and Okamura (1977). Each sample
was saturated with potassium phosphate solution (1 mol L™
at pH 7.0 and, subsequently, by ammonium chloride
(1 mol L™ at pH 7.0. The phosphate content in the solution
was then determined on the HI 83215 photometer (Hanna
Instruments).

The point of zero charge (PZC) was determined by the
method proposed by Camargo et al. (2009) to verify the
predominance of positive (pH < PZC) or negative charges
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(pH > PZC) in the surface of the OS, providing anion or
cation adsorption, respectively (Alleoni et al. 2009). In this
method 4.0 g of OS were put into 13 flasks where, in seven
of them, 0—3 mL of 0.1 mol L~! HCI was added. In the six
other flasks, 0.5-3.0 mL of 0.1 mol L' NaOH was added.
In all flasks 0.5 mL of 0.01 mol L™ CaCl, (background elec-
trolyte) and distilled water were put to complete a volume of
20 mL. All the flasks were agitated on a horizontal shaker
for 4 days at 25 °C. Then the final pH values were recorded.
The difference between initial and final pH values (ApH)
was plotted against initial pH values and the PZC value was
identified at the pH when ApH was zero.

The thermal behavior of the OS was analyzed by burning
under controlled temperature in the equipment DTG 60H of
Shimadzu at NIPE/UNIFESP. A heating rate of 10 °C s~!
and a temperature range of 25—1500 °C were used in an inert
atmosphere of nitrogen.

Fourier transform infrared spectroscopic analysis (FTIR)
was also used to allow the identification of functional
groups, such as carboxylic acids, amines, amides, hydrox-
yls and aliphatic and aromatic structures (Stevenson 1994).
Measurements were made in the NIPE/UNIFESP on the
Shimadzu spectrophotometer model IRP restige-21, using
the percentage absorption mode, prepared on dry KBr pel-
lets with a resolution of 4 cm™', accumulation of 50 spectra
(scans) and spectral range of 400—4000 cm™".

Groundwater chemical composition

To simulate the removal in contaminated waters, ground-
water was collected from a monitoring well located at the
Diadema district (Sao Paulo state, Brazil). The values of pH,
Eh and electrical conductivity (EC) were determined on site
using a probe coupled to a field measurements equipment
(DM-PV/Digimed and DMCMO010/Digimed).

The main chemical composition of groundwater was
determined by inductively coupled plasma—atomic emis-
sion spectrometry (ICP-OES) in the equipment of Spectro
Arcos and ion chromatography (ICS-Dionex 90) in the
NIPE/UNIFESP.

Cr(VI) removal tests
Batch tests

Stock solutions of 500 mg L™! of Cr(VI) were prepared by
dissolving K,Cr,0; of analytical grade to deionized water
(DW) and also to groundwater (GW).

All reactors were prepared in 50 mL conical flasks (fal-
con tubes) with 1.0 g of OS suspended in 50 mL solution.
Reactors were setup with 200 mg L™! of Cr(VI) to study the
effect of contact time (1-6 days) and 50 mg L™ to study the
effect of solution pH (2.0-6.0), adjusted with 0.1 mol L~!

of HCl or NaOH, remaining in contact for 24 h. To observe
the effect of Cr(VI) concentration in the adsorption capacity,
tests were performed using Cr(VI) solutions ranging from
50.0 to 300 mg L~! for 24 h.

The flasks were stirred and, after the period of each test,
were centrifuged/filtered and then the filtrates were analyzed
for the remaining Cr(VI) concentration with UV-Vis spec-
trophotometer (Genesys 20/Thermo Scientific), based on
the method 7196 of USEPA (1991). All experiments were
performed and replicated at room temperature (25 °C), and
the average values are reported in the data analysis.

Total concentration of Cr was measured by inductively
coupled plasma-atomic emission spectrometry (ICP-OES)
(Spectro/Arcos). The concentrations of Cr(IIl) were obtained
by subtracting the values of total Cr by Cr(VI). The rate of
removal (Q,) of Cr(VI) (mg g_l) was determined by Eq. (1).

0=y (1
m

where, C, (mg LY is the initial Cr(VI) concentration, C.

(mg L™ is the final concentration, V (L) is the volume of

the solution and m (g) is the mass of OS.

After these tests, the OS samples were analyzed by
XRD to identify the formation of new mineralogical solid
phases with chromium. This analysis was performed on the
Bruker D8 Advance diffractometer, using CuKa radiation
(40 kV, 40 mA), angular range (20) from 3° to 70°, with
pitch 0.020° and counting time of 1.0 s/step. The functional
groups responsible for ion adsorption was determined by
FTIR analysis in the Shimadzu spectrophotometer model
IRP restige-21, using the percentage absorption mod with
a resolution of 4 cm™!, accumulation of 50 spectra (scans)
and spectral range of 400—-4000 cm™".

Fixed bed column test

Column tests were performed using an acrylic pipe 4 cm ID
and 15 cm long, to simulate Cr(VI) contaminated water flow
through the reactive material, simulating a PRB. The column
was wet-packed with 106 g of OS, with particle size between
0.4 and 1.0 mm. Before the Cr(VI) solution was injected,
the column was washed with deionized water with upward
flow for 24 h. Then, the Cr(VI) solution of 200 mg L~! pre-
pared with groundwater sample (stored in a 3 L bottle) was
pumped upward at a constant flow rate of 0.666 mL min~"
using a peristaltic pump (Watson Marlow/120U) for
1800 min (30 h), until the concentration of Cr(VI) did not
increase significantly (variation up to 8.17%).

To determine the Cr(VI) concentration by UV—Vis spec-
trophotometry (Genesys 20/Thermo Scientific), about 4 mL
of solution were collected in column outlet every 40 min
for 30 h (1800 min) in a Falcon tube. The pH and Eh in the
column outlet were also monitored during the test, using a
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pHmeter (210 MPA/MS TECNOPON). After the test, the
OS sample used in the column was dried, homogenized and
analyzed by ICP-OES (Spectro/Arcos) to determine the total
chromium fixed in OS.

The breakthrough curve obtained in the column test was
simulated using the one direction flow and transport model
Analytic 1 (Schwartz and Zhang 2003). The transport equa-
tion (Eq. 2) used by this model considers advection, disper-
sion, retardation (based on a linear sorption isotherm) and
first-order decay kinetics (Genutchen and Alves 1982):

x X — Ut R
Clx, 1) = % ex " Verfe #
2,/D,t/R;
(2)
0 x+ Ut/R
+ eZDx( "+U)erf /

21/D,t/R,
where U = ,/v}c +4AD,; A is the reaction rate constant;

D.—longitudinal dispersion coefficient, defined as
oy v, +1tD,, (a is dispersity, 7 is the tortuosity of the
medium, and D, is the molecular diffusion coefficient for
chromium, equal to 0,00001 cm? min~") (Genutchen and
Alves 1982); and, Ry is the retardation factor.

The mass balance was obtained considering the total
mass injected [Cr(total);,,, ] was either removed by the OS
[Cr(total),epoveq] OF left the system in the column effluent
[Cr(total)gypyl (Eq. 3). The total mass leaving the system
was calculated integrating the breakthrough curve (C X 7).
In addition, the mass of Cr in the column effluent was con-
sidered to be as the sum of Cr(VI)+ Cr(Ill) (Eq. 4).

Cr(total)p,y = Cr(total)epoveq + Cr(total) gy (3)

Cr(VD) = Cr(total) .poveqa + Cr(VI) + Cr(III)Output

“

input output

Results and discussion
Characterization of OS

The OS sample has 20.6 wt% C, 2.83 wt% H, 0.39 wt%
N and <0.3 wt% S. Considering the conversion factor to
organic matter (OM) equal to 1.724 (Kiehl 1979), OS has a
content of 35.5 wt% OM.

The N/C ratio of OS is low (0.016) due to the loss of
nitrogen of the precursor organic matter (nitrification) by
the diagenetic and maturation processes (Devi¢ 2015). From
the LOI value (43.9 wt%, Table 1) the ash content of OS was
determined as being 56.1 wt%, which is composed of the
mineral phases and the inorganic components incorporated

@ Springer

Table 1 Inorganic composition of OS

Component wt % Component wt %
Na,O 0.037 MnO 0.006
MgO 0.143 Fe,0; 0.964
Al,O4 23.6 CuO 0.006
SiO, 29.2 ZnO 0.017
P,0; 0.109 Ga, 0,4 0.006
SO, 0.141 Rb,0 0.002
Cl 0.024 SrO 0.003
K,O 0.311 Zr0, 0.025
CaO 0.326 PbO 0.006
TiO, 1.19 Loss on ignition 439
Cr,04 0.010

by plants (phytoliths). The high LOI value is due the vola-
tilization of the organic matter and hydroxyl groups of the
minerals present in OS composition.

These results differ significantly from the temperate peat
samples, where the OM content is higher and the ash con-
tent lower. For example, the Romania sphagnum peat con-
tents of total organic matter and ash are, respectively, 84-85
and 4.85% (Balan et al. 2008). The ash of the peat profiles
from two heterogeneous ombrotrophic bogs in Latvia range
between 0.30 and 6.10% and the C concentrations range
from 40 to 55% (Klavins et al. 2013).

In tropical peatlands the accumulation rates are faster
than in most temperate and boreal peatlands (Chimner and
Ewel 2005). So, these deposits can be up to 20 m thick (Page
et al. 2006). Therefore, as Joosten (2016) has observed to
the tropical peatlands from Java (which has up to 49% ash),
these characteristics may indicate that OS must have been
derived from geogenous peatlands. The geogenous peat-
lands have limited distribution, being confined to the edges
of coastal lagoons, the banks and flood zones of rivers, and
the margins of upland lakes; thus, the water that fed these
deposits had been in contact with the mineral bedrock and
soils (Page et al. 2006).

According to US Soil Taxonomy (USDA 1999) the
organic deposits with ash content>25% are classified as
clayey sapric. However Wiist et al. (2003) proposed a new
classification for organic soils developed at tropical con-
dition, where soils with 40-55% ash (LOI=45-60%) and
> 18% C are defined as peat with very high ash. Therefore,
despite having 20.6% C, the OS sample must be considered
as a muck, since it contains 56.0% ash (1% ash more to be
considered as a peat).

The chemical analysis of the inorganic fraction of OS
reveals the predominance of silica and alumina in the ash
fraction composition (Table 1).

The main minerals present in OS are muscovite
(KAL(Si;A1)O,,(OH,F),), kaolinite (Al,Si,O5(OH),), quartz
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Fig. 1 X-ray diffraction of the OS. M muscovite, K kaolinite, G gibbsite, Q quartz, A anatase, C 2:1-clay mineral

(Si0,), gibbsite (AIOH,), illite ((K,H;0)(Al,Mg,Fe),(Si,Al
)40,0[(OH),,(H,0)]), anatase (TiO,) and 2:1-clay minerals
(vermiculite, montmorillonite, chloride) (Fig. 1).

The grain size of OS sample is composed of 0.25%
of clay, 7.80% of silt and 91.95% of sand, thus it has
a sandy texture. The PZC of OS sample (3.6) indi-
cates that in solutions with pH > 3.6 the cationic
exchange prevails. In agreement, the result of CEC

Fig.2 Thermogravimetric (TG)
and derivative (DTG) curves

and differential thermal analysis
(DTA) of the OS up to 1500 °C

TG(%)

Endothermic

analysis of OS (537.0 mmolc kg™') was higher than AEC
(73.89 mmolc kg™"), since they were conducted in solu-
tions at pH 7.0.

The values of pHp, (3.7) and CEC (570.0 mmolc kg_l)
of the sphagnum peat from Romania (Balan et al. 2008) are
similar to those determined for the OS sample. Therefore,
although the ash and OM contents of tropical and temperate
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peats are different, their PCZ and CEC properties are very o
similar. -
The thermogravimetric (TG) curve of the OS (Fig. 2) indi- 5
cated a total mass loss of 46.5% and corroborated with the LOI "o* 2
value of this sample (43.9%). By the analysis of the deriva- &~ <
tive of the thermogravimetric curve (DTG), a loss of mass =
(about 9.0%) occurred at temperature range of 25-200 °C, )
corresponding to the dehydration process. Another mass loss 5
(about 4%) occurred from 200 to 300 °C due to the dehydroxy- g 2
lation (OH™) of minerals such as gibbsite and degradation of ‘
aliphatic structures of humic acids (Schnitzer 1972). In the ‘25* o
temperature range between 350 and 600 °C, the kaolinite and i b
organic matter decomposition caused the mass loss of 15.0%, =
corroborating the findings from Miyazawa et al. (2000). -
Finally, in the temperature range of 600—1200 °C there was a E/ la
mass loss of 18.5%, attributed to the degradation of aromatic @ S
structures (Schnitzer 1972). =
The differential thermal analysis (DTA) of OS revealed the ';’D
main endothermic peaks at 73.8, 246.25 and 480.7 °C, which E, 2
are related to the loss of water and OH™, and dehydroxylation = i
of kaolinite and gibbsite, respectively. According to Benites =
et al. (2003) the decomposition of the aliphatic structures of fn
the humic acids occurs at 250-280 °C, and of the aromatic E =)
structures at >400 °C. The peak around 570.0 °C should be . o 2
the phase transformation of anatase to rutile (Huang et al. % =
1997), and the peaks > 1000 °C corresponds to the transfor- g |
mation of metakaolinite into mullite (3A1,05.2510,) (Chen g g a
and Lan 2000). 212 S
= ISI Y
o
Groundwater chemical composition :é" T:
R
The concentrations of the main ionic components of the 2 & <
groundwater used in this study are listed in Table 2. The pH g 9} g
was 5.0 and the main ions detected were C1~ and Na™. This o |~
sample was not previously contaminated with of Cr(VI) or S .
Cr (IID). 2| g
o +
AL
Tests of Cr(VI) removal 3 = e
35
Batch tests }: Z]D
z|E o
5 (% S
Effect of the Cr(VI) concentration in solution The mass of —§ a e
Cr(VI) removed from solutions prepared with both deion- S |5
ized water (DW) and groundwater (GW) increased as the S Z]D
initial concentration was raised above 150 mg L™! (Fig. 3). § +§/ -«
This behavior indicate that high concentrations of dichro- E z N/
mate (Cr2072_) in solutions with relative low pH (4.1 and o =
5.0 for the DW and GW, respectively) promote the organic E Ig -
material oxidation and consequently the reduction of g Q%4 2
Cr(VI) to Cr(Ill) (Eq. 5) (Machado et al. 2011). For DW, = _
the removal rate increased when the initial concentration - = .>E <
decreased from 100 to 50 mg L~!. This was unexpected and % H o= :
e | E "
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Removal (mg g”)
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—e—DI
I7z. —u—GW
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Initial concentration of Cr(VI) (mg L")

Fig.3 Removal of Cr(VI) by OS from solutions prepared with DW
and GW with various concentrations of Cr(VI)

could be a result of higher uncertainty in Cr(VI) quantifica-
tion at lower values.

3C + 2Cr,0,> + 16 H" < 4Cr’" + 3CO, + 8 H,0

®)

The amount of Cr(VI) removed by OS in solutions pre-
pared with DW was higher (0.5-4.7 mg g~!) than in those
prepared with GW (0.4-1.7 mg g™'). The lower removal
in GW could be caused by complexation of ions originally
present in groundwater on the peat reaction sites, decreasing
the Cr(VI) reduction efficiency (Banks et al. 2006).

The analysis of the final solutions of the tests conducted
with DW with 50 and 200 mg L~! of Cr(VI) indicated the
presence of Cr(VI) (respectively, 7.3 and 34.6 mg L™!) and
the absence of Cr(III). The absence of Cr(IIl) in solution
indicates that it was adsorbed/complexed into the OS coum-
pounds or/and precipitated as a solid. The Cr mass removed
from solution by these processes was estimated as the differ-
ence between the total Cr concentration in the initial solution
and the Cr(VI) concentration at the end of the test.

To verify if Cr(III) was associated with the organic
and inorganic components of the OS, the FTIR analyses
were made in samples of OS in natura and that exposed to
200 mg L' Cr(VI) (Fig. 4). The main functional groups
detected in the FTIR spectra analyses are described in
Table 3.

Comparing the OS in natura with the sample mixed with
200 mg L' Cr(VI) in batch test, both FTIR spectra are
very similar. However, the absorption peaks at 3690 and
3618 cm™! are more evident in the latter. These peaks are
attributed to the functional groups of O—H of kaolinite and
gibbsite structures (Russel 1987), and to OH of alcohols and/
or phenols and/or carboxylic acids (Krumins et al. 2012)

organic

200 mg L' Crv)

in natura . HEH i
T T T v T v T T T v T T T LE—
4000 3500 3000 2500 2000 1500 1000 500

-1
cm

Fig.4 FTIR spectra of OS in natura and that exposed to solutions
with 200 mg L™! of Cr(VI)

and can indicate the Cr(IIl) adsorption in the structures of
inorganic and organic components of OS.

Upon reaction with Cr(VI), the peak at 1614 cm™ !, attrib-
uted to aromatic C=C stretching, became a little more broad
because the oxidation of phenolic groups could lead to the
formation of quinone with C=0 groups, exhibiting a strong
absorption at 1614 cm™! (Huang et al. 2012). In addition,
the complexation of redox product of Cr(III) on residual car-
boxyl groups could shift the absorption peak of 1614 cm™!
(Haberhauer et al. 2000, Hsu et al. 2010).

Effect of contact time The efficiency of Cr(VI) removal by
the OS increased with the contact time in solutions prepared
with DW and GW (Fig. 5).

As observed in the previous tests, the removal of Cr(VI)
was more efficient with DW than with GW in a period of
1 day. However, for contact times greater than 1 day, the
Cr(VI) removal by peat increased significantly in solutions
prepared with GW. The maximum removal occurred at
5 days (2.0 mg g~! in DW and 2.2 mg g~! in GW), consist-
ent with previous studies which indicated that the chemical
reduction of Cr(VI) by organic substances is very slow, and,
depending on pH, it can take weeks (Wittbrodt and Palmer
1996; Gu and Chen 2003).

To verify the content of chromium retained in OS, the
sample taken from the batch test of 3 days was analyzed
by XRF, which results indicated that 1 g of peat retained
1.4 mg of Cr. This value is close to that obtained based on
the aqueous phase analysis in the batch test, where 1 g of
OS removed 1.6 mg of Cr(VI). Therefore, the Cr retained by
OS components must be as trivalent cation, since the pH of
the solution (5.5) was above the PZC value of the OS (3.6),
which favored the cation adsorption. Zhilin et al. (2004) also
observed that peat humic substances were able to reduce
Cr(VI) at pH 5.4, on account of the irreversible oxidation of
carbohydrate units.
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Table 3 Assignments of the functional groups found in the infrared spectra of the OS

Frequency (cm™) Attribution

References

3690 Hydrogen-bonded OH groups Krumins et al. (2012)

3618 Axial deformation of O—H in kaolinite and gibbsite Russel (1987)

3414 O-H stretching vibration Huang et al. (2012)

2922-2852 Aliphatic C-H stretching vibrations of -CH; and =CH,

2378; 2301 Carboxylate ions Krumins et al. (2012)

1614 Carboxylate and/or ketone groups and C=C Haberhauer et al. (2000)

1408 O-H deformations and C—OH elongation of phenolic groups; deformation of =~ Krumins et al. (2012)
C-H of CH; groups

1099 Stretching of C-O of alcoholic components, polysaccharides

1033; 1004 Si-O (quartz) Russel (1987)

912 O-AIl-OH (kaolinite)
794;752; 677; 623

541 Angular deformation of O-H in kaolinite or gibbsite

472;418

H bound in OH of elongated carboxylic groups

Deformation of SiO in kaolinite

Krumins et al. (2012)
Russel (1987)

2.4 4
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Fig.5 Removal of Cr(VI) by OS as function of contact time in
200 mg L~! of Cr(VI) solutions prepared with DW and GW

Effect of pH This test was performed only with DW solu-
tions and, as was expected, the decrease in pH increased
the efficiency of Cr(VI) removal from solutions, since its
redox reaction is more favorable in acidic environments
(Fig. 6). Thus, it is noticed that as the pH increases, the
removal efficiency decreases from 95% to almost 25%.
The higher removal rate of Cr(VI) was observed in pH
2.0 solution, where 1.06 mg of Cr(VI) was removed by
1 g of OS.

Many authors also observed that the reduction of Cr(VI)
occurs more efficiently in acid solutions (Sharma and Forster
1993; Gu and Chen 2003; Ulmanu et al. 2008). For example,
the maximum removal rate of Cr(VI) by a horticultural peat
containing 20% of ash was about 9—10 mg g~! in solution
with pH 3.5 (Ulmanu et al. 2008), while the removal rate of

@ Springer

the sphagnum peat from Romania was 13.05 mg g~! in pH
1.0 (Balan et al. 2012). Since both removal rates are greater
than the OS from this study in acid conditions, likely the low
carbon and high ash content of OS impacted the removal
efficiency of Cr(VI).

When reducing agents (as organic matter) were absent
in acidic solutions, the hexavalent species of Cr (HCrO,™ e
CrO,~?) could only be removed by adsorption (Barlett and
James 1988). In this case, some minerals as gibbsite and
goethite, which surface charge is dependent on the solution
pH, may retain Cr(VI) (Ajouyed et al. 2010). However, since
the studied sample (OS) is rich in organic matter, this reduc-
ing agent promote the reduction of Cr(VI) and the adsorp-
tion/complexation, or even the precipitation of Cr(III),
depending on solution pH.

According to Olazabal et al. (1997) at pH 1.5-3.5, chro-
mate ions affect the solubility of iron, inducing the forma-
tion of precipitates chromate/iron, as FeEOHCrO, (between
pH 1.5 and 2.5), FeOHCrO,.2Fe(OH); (pH 2.5-3.5) and
Fe(OH); (at pH greater than 3.5). However, XRD analyses
performed in samples treated with Cr(VI) solutions with pH
2.0 and 6.0 did not indicate the presence of these phases.
Since commonly these precipitates are amorphous and there-
fore not identifiable by XRD, these samples were heated
at 800 °C for 2 h to promote the formation of any crystal-
line oxides associated with Cr(III), as Cr,O5 and (Cr,Fe),0;
(Music et al. 1999).

However, the XRD patterns of OS treated with Cr(VI)
solutions with pH 2.0 and 6.0 and subjected to the heat-
ing process did not indicate the presence of any crystalline
phases of iron chromium oxide, probably because the pre-
cipitate phases remained amorphous. The main identified
phases are anatase, muscovite, silica (f-quartz), p-tridymite
and mullite (Fig. 7).
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Fig.7 X ray diffractograms of OS sample treated with Cr(VI) solutions with pH 2.0 and pH 6.0 heated at 800°C/2 h. Msmuscovite (KAL,(Si;Al)
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The anatase peaks are present in both samples, mainly ~ anatase delays its transformation to the more stable phase
in pH 2.0. Normally, anatase transforms into rutile at tem-  of rutile even at 800 °C, so it is possible that the presence
perature range of 600-700 °C (Nolan et al. 2009). Bellifa  of Cr(IIl) in the anatase structure affected this transfor-
et al. (2014) verified that the chromium incorporated in the =~ mation. The capacity of anatase in reducing or adsorbing
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Cr(VI) was not very known. Liu et al. (2014) showed that
TiO, has high photocatalytic activity due its excellent
chemical and optical properties and can be used in form
of nanotubes as adsorbents for removal of heavy metals.

Despite being submitted to high temperature (800 °C)
muscovite remained in the samples, probably due to its high
temperature resistance. The presence of p-tridymite indicate
that the silica (in form of B-quartz) is converting into this
high temperature polymorph, while mullite is the product of
decomposition of kaolinite.

Fixed bed column test

The concentration of Cr(VI) in the solution collected at
the end of the column remained below detection limit until
approximately 400 min (~2 pore volumes) (Fig. 8a).

This retention was greater than observed for a medium
containing siderite (FeCOs;), but less than for a medium with
pyrite (FeS,), Fe chips and Fe fillings (Blowes et al. 1997).
However, the flow velocity (~430 m year™') was at least one
order of magnitude higher in our study, which can lead to
lower removal due to the limited time for diffusion (Blowes
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Fig.8 a Relative concentration of Cr(VI) (C/Co), pH and Eh values
at the column outlet as function of time and percolated volume (mL).
b Actual values of initial concentrations of Cr (VI) of the percolated
solution in the column as a function of time and simulation curve in
Analytic 1
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et al. 1997). In the range of 400-800 min, the concentration
of Cr(VI) in the treated solution reached up to 60% of the
initial concentration, and approximately at 1200 min it sta-
bilized at around 80% of the initial concentration of Cr(VI).

In the first 300 min, the Eh values decreased from 25 to
—75 mV, and then in the next hour increased to 150 mV.
From that point, these values oscillated between 100 and
200 mV. The pH values, in the first 200 min, increased from
5.0 to 6.5. In the range of 200-500 min, the pH decreased
to about 5.5 and after 500 min remained around 5.5. The
changes observed at the initial 300 min are due to the
replacement of distilled water by the Cr(VI) solution.

The breakthrough curve could be simulated relatively
well using the Analytic 1 software (Fig. 8b) (Schwartz and
Zhang 2003). This simulation was based on a linear adsorp-
tion model and a first-order reaction, being, therefore, a
simplification of the reduction and complexation reactions
between OS and Cr(V]) in solution (Palmer and Plus 1994).
From the data obtained in the batch and column tests, the
value of the reaction constant (4) for Cr(VI) removal in con-
tact with the organic soil was determined. The batch test
showed a reaction constant of 0.64 day~' and the column
test a value of 3.74 day~"'.

The higher value in the column test is probably due to
the increased contact between the OS and the Cr(VI) solu-
tion, since the ratio solids/solution was greater in the column
tests. The half-life time, corresponding to the time required
to halve Cr(VI) mass in the reaction between the organic soil
and the metal, was calculated for both the batch and column
tests applying #,,, = In 2/4. The value was almost six times
higher in the batch study (26.2 h) than that of the column
(4.4 h), also due to the lower proportion of contact surface
per volume of solution.

Another parameter that shows the chemical interaction
between organic soil and Cr(VI) in solution is the retardation
factor (R), the ratio of water velocity to contaminant veloc-
ity. The value found for R was 3.9, based on the simulation in
the Analyticl model. A retardation of 3.9 can be considered
a high value when compared to other literary studies, such
as that of Yolcubal and Akyol (2007) who determined R of
1.07, in a column filled with limestone with a porosity of
0.59, using initial concentrations of 200 mg L~! Cr(VI) in
solution.

The total mass of Cr injected into the column was equal
to 239.76 mg Cr(VI), and the mass recovered in the column
effluent was 104.45 mg of Cr(VI). The data obtained in the
ICP-OES analysis showed the amount of total chromium
retained in this material and revealed that each gram of
OS was able to retain 1.26 mg of total chromium, totaling
133.56 mg Cr removed in the column OS.

Based on a mass balance analysis (Eq. 3), the difference
between the total Cr input and the sum of the masses of total
Cr and Cr(VI) determined at the column output and removed
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by the OS corresponds to 1.75 mg, only 0.73% of the total
Cr mass injected, indicating that all of the Cr is accounted
for. The small difference may be due to some imprecision in
the analyses for Cr determination. The proportion of Cr mass
retained per mass of OS (1.26 mg g~!) is very similar to the
value obtained in the batch test with groundwater, where
1.6 mg of Cr(VI) was retained per gram of OS in solution
with 200 mg L~! Cr(VI). The retained mass probably is in
the form of Cr(III), due to the ability of organic matter to
promote the reduction of Cr(VI) to (III) and the constituents
of the OS in immobilizing it.

In order to promote the increase of Cr(VI) reduction
capacity, OS could be modified adding Fe(III) in the sys-
tem. According to Mak and Lo (2011), the reduction of
Cr(VI) by both fulvic acids and humic acids of natural
organic matter increases when Fe(IIl) is added. The humic
substances transform Fe(III) into Fe(II), which in turn
reduces Cr(VI) to Cr(III). Wu et al. (2017) also enhanced
the removal performance of chitosan by Fe(III) pretreatment.
The Fe(OOO)-cross-linked chitosan beads synthesized by
these authors presented a high adsorption capacity of Cr(VI)
(166.3 mg g~!) under ambient temperature and pH 6.0.

Conclusions

The ash content (56 wt%) of the studied organic soil (OS)
is high, as it was expected for tropical peat soils. Its organic
carbon content was only 20.5 wt%, which corresponds to
35.5 wt% of organic matter. Therefore, OS is considered as
a muck and not as a really peat. The main inorganic com-
ponents of OS are silica and alumina, and its main mineral
constituents are kaolinite, gibbsite, muscovite, quartz and
anatase.

Despite of the high ash content, the organic substances of
OS had the capacity to remove approximately 2 mg g~! of
Cr(VI), depending on test conditions. This process involved
the reduction of Cr(VI) by the humic substances of OS, fol-
lowed by precipitation and/or adsorption/complexation of
Cr(III) by organic and inorganic components.

In 24 h, the greatest rate of Cr(VI) removal was observed
in solutions with pH 2.0 (1.1 mg g!), since the reduction of
Cr(VI) to Cr(IIl) by organic compounds consumes hydrogen.
An increased Cr(VI) removal (around 2.0 mg g_l) was also
observed at original groundwater pH (around 5.0), however
it took a longer period, of 5 days.

The column tests simulating the use of the OS as perme-
able reactive barrier fillers to treat groundwater contami-
nated with Cr(VI) also presented a high removal capacity of
Cr(VI) (1.3 mg g~!) as obtained in batch tests (1.6 mg g~!).
The advantage of this system is that its half-life (4.4 h) is
almost six times smaller than that batch test (26.2 h), due

to the higher proportion of contact surface per volume of
solution. Therefore, the use of OS in the permeable reactive
barriers can be effective to promote the removal of Cr(VI),
even at original groundwater pH.

The presence of reducing agents as humic substances in
OS induced chromium reduction, instead of anion exchange.
The Cr(III) association with mineral phases was confirmed
by the presence of anatase in samples submitted at heating
at 800 °C/2 h.

Further investigations could reveal if the addition of
Fe(III) in the system increases the performance of OS in the
reduction of Cr(VI) to Cr(III).
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