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STUDY OF ADSORPTION/DESORPTION OF ARSENATE ON/FROM GOETHITE-COVERED
QUARTZ SAND UNDER FLOW REGIME OF OPERATION
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ABSTRACT: The main aim of this article was to assess adsorption/ desorption of arsenate under a continuous regime of operation of a filter filled with goethite-
covered quartz sand. The results showed that at constant experimental conditions (temperature, arsenate concentration, and pH), the arsenate adsorption depends
mainly on the filter's height and the flow rate of the inlet solution injection into the filter. The following parameters: efficiency of arsenate adsorption, equilibrium
uptake, adsorbent exhaust rate, as well as the rate constant of adsorption and bed sorption capacity were determined by breakthrough curves and the applied Adams-
Bohart model. the pH of desorption solution played a paramount role in the arsenate desorption, as the process was very efficient at slightly alkaline conditions in
comparison to the desorption’s efficiency at slightly acidic pH.
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U3CNEOBAHE ANCOPELVA/QECOPELIUA HA APCEHATHU MOHU BBLPXY/OT KBAPLIOB NACHK, MOKPUT C FbOTUT
MPU NPOTOYEH PEXXMM HA PABOTA

Ueenuna Xeneea, [namen eopaues

Munro-2eonoxku yHusepcumem “Ca. Uear Puncku”, 1700 Cogpusi

PE3IOME: OcHoBHaTa Lien Ha HactosiaTta cTaTus € oLeHka Ha copbuusita/gecopbupsita Ha apceH npu NPOTOYEH PEXUM Ha paboTa Ha UNTBbP, CbCTOSLL CE OT
KBapLOB MSCbK, MOKPUT C rboTUT. MomyyeHuTe pesynTaTi MokaseaT, Ye MpW MOCTOSHHW YCOBWSI HA cpedata (TemnepaTtypa, KOHLUEHTpauus Ha apceH, pH),
copbumsATa Ha apCeH 3aBMCM OCHOBHO OT BMCOYMHATA Ha (punTbpa W CKOPOCTTa Ha MOCTbMBaHe Ha pasTBopa BbB unTbpa. [Nokasatenute edeKTUBHOCT Ha
copbLys, paBHOBECHO HATOBApBaHE, CKOPOCT Ha U3TOLLEHME, KaKTO 1 CKOPOCTHAaTa KOHCTaHTa W COPOLMOHEH KanauuTeT Ha unTbpa, ca onpeaeneHn nocpencTBoM
KpuBMTE Ha copbums Ha apceH 1 npunoxeHus Mopen Ha Apamc-boxapT. pH Ha Aecopbupaluus pa3TBop, OT CBOSI CTpaHa, UMa KI4oBa Pons Mo OTHOLUEHME Ha
pecopbumsaTa Ha apceHaTHUTE WOHM OT UNTbPa, KAaTo MPOLECHT € 3HAYMTENHO Mo-edheKTMBEH NpW cnaboankanHu ycroBus B CPaBHEHWE C eheKTUBHOCTTA,
yCTaHoBEHa npy crabokucenu ycnosus.

KntouoBu gymu: apceH, reOTUT, KpuBM Ha copbuusi, Mofen Ha Anamc-BoxapT

Introduction constituents, industrial by-products/ wastes, etc.,) that could be
used (Mohan, Pittman, 2007).

The natural weathering of arsenic-bearing minerals and The previous studies have shown that goethite possesses
discharge of arsenic-containing wastes from petroleum higher adsorption capacity and it adsorbs arsenate more
refining, melting of base metal sulphide ores are the main efficiently from slightly acidic to slightly alkaline waters in
reasons for the elevated concentrations of pollutants in surface comparison to hematite (Zheleva et al., 2016). The higher
and subsurface waters. efficiency of that process is based on the inner sphere complex

Arsenic occurs in natural waters both in organic and formation between adsorbate and the mineral surface
inorganic forms, as the arsenite, As(lll), and arsenate, As(V)), (Manning et al., 1998).
are the major inorganic arsenic species. Arsenite is the The main aim of this article is to test the capability of
chemically dominant form in reducing environments, whereas, goethite-covered quartz sand to adsorb arsenate from slightly
arsenate dominates at oxidising conditions. Arsenate is a alkaline spring water under a continuous regime of operation of
chemical similar to phosphate which enhances its transport a filter column and to determine the value of some important
and accumulation of the pollutants in the organisms under parameters about that treatment.

exposure to the pollutant (Sharma, Sohn, 2009). )
Numerous methods for arsenic removal from aquatic Materials and methods
environments have been studied including ion exchange,

precipitation, coagulation, membrane filtration, flocculation, The experiments about the arsenic removal from studied
ozone oxidation, biological treatment, electrochemical spring water by means of adsorption were performed in the
treatment, and adsorption (Choong et al., 2007). Adsorption is column type reactor. The experimental set-up consisted of a
evolving as one of the most applicable method for the arsenic feed vessel (1), a peristaltic pump (2), a column (4), and a
removal from water because of the wide range of commercial vessel collecting treated solutions (4) (Fig. 1). The columns’
and low-cost adsorbents (activated carbon, oxides, height for all experiments was 10 cm. In each column, two
hydrotalcite, metal-based methods, biosorbents, soils and zones were distinguished — an adsorption and a supporting
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zone. The adsorption zone occupied the central part of the
column and it consisted of goethite-covered quartz sand
(dominant particle size minus 0.315 mm - 81%). The
supporting zones, situated in the inlet and outlet point of the
column, consisted of glass wool.
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Fig. 1. Scheme of the experimental set up used in these
experiments

The surface of quartz sand was preliminary cleaned and
activated by means of treatment with 4N HCI at conditions of
agitation at a temperature of 70°C. The residual acidic solution
was separated and the quartz sand was washed three times
with distilled water. The goethite was deposited on the quartz
sand by means of its mixing with FeSQ4.7H20 and the serial
alteration of chemical ferrous oxidation (by means of H20:
addition) and the ferric iron precipitation (by means of NaOH
addition). As a result of that treatment, the colour of quartz
sand changed from snow white to yellow-brown. Each column
was filled with the relevant amount of goethite-covered-quartz-
sand. After their preparation, the adsorption zone in each
column was washed with the amount of distilled water equal to
three times the column’s operating bed volume.

The ration between the adsorption and supporting zone
changed in some experiments which had an effect on the
adsorption zone bed height. The working volume of the
adsorption zone in each column (so-called bed volume) was
determined before the start of each experiment by means of an
upward injection of water until all pores filled up with water.

The columns operated in an upward continuous regime
which provided for the optimal contact between the goethite-
covered-quartz-sand and the treated solution. The spring water
with slightly alkaline pH, spiked preliminary with arsenate (as
K2HAsOs), was used as a model solution in this study (Table
1). The temperature during the experiment was in the range of
25-27°C.

Table 1. Chemical content of water being treated

Index Value
Na, mg/L 50
K, mg/L 1.6
Ca, mg/L 3.2
F, mg/L 24
Cl, mg/L 53
S04, mg/L 20.5
COs, mg/L 24.0
HCOs, mg/L 65.5
H2SiOs3, mg/L 50.6
As, mg/L 0.025
pH 8.95
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Two types of experiments regarding the arsenate
adsorption on goethite-covered-quartz-sand were carried out.
Firstly, the effect of adsorption’s zone height in the column on
the arsenate adsorption was studied. In that case, the flow rate
applied to all columns was identical. In the second set of
experiments, the arsenate adsorption was studied in
dependence on the column’s flow rate. The adsorption zone
height of columns was constant in that case. The kinetic
parameters of arsenate adsorption on goethite-covered-quartz-
sand at flow regime of operation were determined and
assessed by means of Adams-Bohart model:

t=No.Z/ Ci.V~(1/K.C. In[(Cil Cb) - 1]

where:

Ci is the initial arsenic concentration (ug/L), Cb is the
breakthrough arsenic concentration (ug/L), t is the time of
breakpoint (hour), Nois the sorption capacity of sorbent (ug/L),
Z is the bed height of column (cm), V is the linear velocity
(cm/min) and K is the rate constant (L/mg.min). From the slope
and intercept of the respective iso-removal line, the adsorption
capacity (No) and the rate constant of adsorption (K) were
calculated.

The following parameters were measured during the
experiments: pH and the arsenate concentration in effluents.
The samples from effluent solutions were stored in a
refrigerator until the arsenic determinations. pH was measured
daily. Based on the collected data for each column, the
relevant parameters were determined: a breakthrough point;
total amount of solutions being injected into the column to the
breakthrough point (Veff), point of the column exhaustion, total
amount of arsenic entered the column until the moment of
breakthrough point (mwtar), the total amount of adsorbed
arsenic (quta), equilibrium amount of adsorbed arsenic (qeq),
the efficiency of arsenic removal (%), and adsorbent
exhaustion rate.

The desorption experiments were also carried out in a
continuous regime of operation with filter columns,
characterised with an equal bed height of goethite-covered
quartz sand and to which the same flow rate during the period
of arsenate adsorption have been applied. The arsenate
desorption was carried out with arsenic-free spring water as
the main solution, which was spiked with 75 pg/ L HPO4*
(added as Na2HPOs). The effect of pH was studied by the
addition of sulphuric acid (or sodium hydroxide) to the above-
mentioned solution with an aim to study the desorption process
at acidic (or alkaline pH). The flow rate of desorption solutions
to the columns was 0.176 L/ 24h. The effluent solutions were
collected in plastic vessels. pH was measured daily. The
samples from effluent solutions were stored in a refrigerator
until the arsenic determinations. The arsenic concentration was
measured by means of a spectrophotometer MERCK SQ22 at
820 nm and 20 mm cuvette (Johnson, Pilson, 1971).

Results and discussion

The main advantages of the pollutant removal by means of
sorption are: the process carried out without significant
changes in the water chemistry and the high percent of the
pollutant removal is combined with a lower residence time of
waters being treated. For that reason, the methods based on
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adsorption processes are preferred into practice for the
treatment of waters polluted by one or two compounds
presented in lower concentrations as a rule.

Effect of the bed height on the arsenate adsorption

The experiments were carried out with an upward injection
of arsenate-containing spring water into the column as the
measured pollutant's concentration in the effluents was related
to the duration of the experiment. The arsenate adsorption on
the goethite-covered quartz sand was a very efficient process
at the very beginning of the experiment which resulted in its
zero concentration in the column’s effluent. As the volume of
the solution being treated increased and the arsenic adsorption
continued, the arsenic concentration in the effluents gradually
rose. Finally, the adsorption zone reached the column’s top
and the arsenic concentration in effluents was almost equal to
the concentration in the inlet solution. Several parameters
about the arsenate adsorption on goethite-covered quartz sand
were determined. Time for arsenic breakthrough concentration
— the time when the arsenic concentration in effluents reached
10 pg/L (which is the arsenic permissible concentration for
drinking water; it meant that the efficiency of the pollutant
removal at this time of the column’s operation was about 60%),
a column exhaustion time referred to the moment when only
about 10% of the inlet arsenic concentration (around 2-2.5
ug/L) sorbed on goethite during the column operation.

The bed height of goethite-covered quartz sand in the filter
column had a strong effect on the arsenate adsorption, the
appearance of the arsenic breakthrough concentration and the
time of filter's exhaustion. For example, the time for arsenic
breakthrough concentration for 1.8 cm bed height was at 13
days since the start of column operation and 30 days for 4.0
cm bed height, respectively (Table 2). These results were
logical having in mind that shorter bed height of goethite-
covered quartz sand directly determined the smaller number of
binding sites on which the arsenate adsorption could take
place. The effect of bed height of goethite-covered quartz sand
on the arsenic breakthrough curves is depicted in Figure 2.

The rate of arsenate adsorption was strongly dependent on
several factors like pH, ambient temperature and the arsenic
concentration. With the main aim to make the comparison
between variants easier, the temperature (in the range 25-
27°C) and the arsenic concentration (25 pgiL, i.e. 2.5 times
higher than the element's permissible concentration for
drinking water) during the experiments were constant.
However, the pH of treated spring waters had a significant
effect on the arsenate adsorption. That effect was determined
by the Point of Zero Charge of goethite (PZCgoetnite = 5.35) and
the slightly alkaline pH (8.95, Table 1) of the spring waters
being treated. At these conditions, the goethite possessed
slightly dominant negative surface charge which detained to
some extent the arsenate adsorption because of the repulsive
force acted between ions with identical charge. At such
conditions, the arsenate adsorption on goethite-covered quartz
sand took place by means of a ligand exchange mechanism
which involved the exchange of aqueous ligand for a surface
hydroxyl group:

=8-0- + HAsO4? + H,0— =S-OH-HAsO« + OH-

N

Table 2. Characteristics of the experiment about the effect of
height of goethite-covered quartz sand in the columns on the

arsenic adsorption
Index Height of goethite-covered quartz
sand in the column, cm

18 | 27 | 40

Arsenic in inlet

solution, ug/ L 250

Flow rate, L/ 24 h 0.33

Applied bed

volumes per 24 h 94 6.3 325

Time of arsenic

breakthrough 13 21 30

concentration, days

Acolumn

exhaustion time, 16 25 34

days
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Fig. 2. Effect of the bed height of goethite-covered quartz sand in
the column on the arsenate adsorption (flow rate 0.33 L/ 24 h,
initial arsenic concentration 25 pg/ L, temperature 25-27°C)

That process led to the release of hydroxyl ion into the
solution which maintained the slightly alkaline pH of the column
effluents (8.32-8.40) for the largest bed height of goethite-
covered quartz sand (4.0 cm).

The effluents from the goethite-covered quartz sand with the
shortest bed height (1.8 cm) was with almost neutral (pH 7.62—
7.86) especially when the duration of column operation was
near its breakthrough time. It was evident that the decreasing
of effluent's pH was due to the deprotonation of near-surface
situated hydroxyl groups of goethite.

The arsenic adsorbed in the filter columns strongly
depended on the bed height (Table 3) — the adsorbed amount
steadily increased from 107.8 pg for 1.8 cm bed height to 258
pg for bed with 4.0 cm height, respectively. However, the
equilibrium arsenic content (geq) in the whole column was in a
narrow range. The efficiency of arsenic adsorption was the
highest (94.7%) for a bed with 4 cm height. The higher bed
height of goethite-covered quartz sand combined with a
constant flow rate of inlet spring water determined a smaller
value for bed volumes being treated per day. It meant, that the
treated solution remained longer in the filter column which
enhanced the contact and adsorption between the binding
sites of goethite-covered quartz sand and arsenate ions. For
that reason, the rate of adsorption zone movement in the
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Table 3. Parameters characterising the arsenic adsorption on
goethite-covered quartz sand under a continuous regime of
operation in dependence on the bed height

The relationship between the bed depth versus time of the
operation for the three isoremovals is depicted in Figure 3. It is
evident that these lines were almost parallel to each other and

Bed height, cm

Fig. 3. Bohart-Adams model for 6, 66, and 80% breakthrough at
different bed heights and constant inlet arsenic concentration
(25 pg/ L) and flow rate (0.33 I/ 24 h)

column steadily decreased from 0.071 to 0.0045 cm/ 24 h
when the bed height increased from 1.7 to 4.0 cm. However,
the determined equilibrium arsenic content (geq) Was quite
lower in comparison to the values determined by other
researchers (Kundu, Gupta, 2005). It is well-known that the
slightly alkaline pH of waters being treated as well as the
significantly higher concentrations of anions (sulphate,
hydrocarbonate, silicate, (Table 1) hinders the arsenate
adsorption (Genc-Fuhrman et al., 2005).

Data modelling about the arsenic adsorption from the operation
of the laboratory filter column was carried out by Bohart-Adams
mathematical model (Bohart, Adams, 1920) and bed depth
service time approach proposed by Hutchins (1973). The data
from each column operation was assessed by means of
determination of three different points of arsenic isoremoval
from the spring waters being freated, i.e. at 1.5, 10, and 20
pg/L breakthrough concentration in effluents (Table 4). So, for
each arsenic isoremoval percent, the Bohart-Adams model
was simplified to the equation

t=a.x+ b where a = slope’s line = No/Ci. V and b = intercept =
1/ KCi. In((Ci/ Ce) - 1).
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Index Height of goethite-covered quartz the horizontal distance between them was 0.12 cm (so-called
sand in the column, cm height of exchange zone). The results showed clearly that the
1.8 2.7 4.0 rate of arsenic adsorption under continuous way of operation
Veff, L 4.95 7.59 10.9 (Kea) and the adsorption capacity of goethite-covered quartz
Qlotal, UG 107.76 167.1 258 sand (No) decreased significantly at longer columns’ service
Miotal, g 123.75 189.75 2723 operation (Table 4). That trend was logical having in mind that
Gea, M/ G 359 371 377 the higher number of binding sites of sorbent have been
Efficiency of the arsenic 871 88.1 %7 already occupied at such conditions which determined the
adsorption, % higher breakthrough arsenic concentration in the effluents.
Adsorbent exhaustion
rate, kg/ L 0.0061 0.0059 0.0062 Table 4. Bohart-Adams model constants for the arsenic
Breakthrough capacity adsorption on goethite-covered quartz sand
(Qs0%), pg As/ g 3.7 3.76 3.66 Iso- Breakthrough No, K, Liug.h R2
adsorbent removal, | concentration g/ L
Rate of adsprption zone % ug/L
ng;r:/e;tllg the column 0.071 0.024 0.0045 6 235 3731 | -0.0011 0.9947
' 60 10.0 410.4 | 0.0001 0.9951
800 80 5.0 4342 | 0.0004 | 0.9930
< y=198x+ 118
5 R2=0,9951
§ Table 5. Comparison between the measured and predicted
5 600 breakthrough times (in hours) at 60% arsenic removal using
2 y= Zg?fé 235’4’33 Bohart-Adams model constants
= ' Index Height of the adsorption zone, cm
400 18 | 27 | 40
:.//y — 180x + 100 Flow rate: 0.33 L/24 h
2=0,9941 Measured 312 504 720
Predicted 474 650 910
200 T T )
18 2,7 4 The results included in Table 5 revealed that the values of
—0 (% (6% —m—80%

measured breakthrough time at 60% arsenic concentration
were 25% averagely lower than the values predicted by the
Bohart-Adams model. The main reason was probably the
insufficient bed height being used in those experiments. It is
shown that the model could be used roughly for designing
other column operation experiments over a range of flow rate
or arsenic concentration. There are other models too, i.e.
Thomas, Yoon-Nelson that could be used in modelling of the
data about the arsenate adsorption in a continuous regime of
operation.

Effect of the flow rate on the arsenate adsorption

The flow rate of a column operation has a crucial effect on
factors as volumes of water being treated and a residual
arsenic concentration lower than permissible concentration,
are needed to be combined at a pilot or industrial scale. In that
experiment, the arsenic inlet concentration and the bed height
were constant to all columns and only the flow rate of spring
waters being treated distinguished from one variant to other
(Table 6). The breakthrough curves are shown in Figure 3. The
applied flow rate varied between 0.131-0.33 L/24 h which
related to 3.7 to 9.4 bed volumes of spring waters treated per
day. That range of bed volumes meant that the residence time
which water spent into the filter column varied 2.5 times. So,
the arsenate ions and the binding sites of goethite-covered
quartz sand had different contact times to react with each
other.
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Table 6. Characteristics of the experiment about the effect of
flow rate on the arsenic adsorption

Table 7. Parameters characterising the arsenic adsorption on
goethite-covered quartz sand under a continuous regime of
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Time, days
0.131L/24h

e ().33 L/ 24h il 0.221 L/ 240

Fig. 3. Breakthrough curves of arsenic for varying flow rates
(L/24 h) at a bed height of 1.8 cm and 25 pg/ L inlet concentration
of arsenic

As a result, the lower the flow rate was, the higher the
residence time of waters into the column was and arsenates
removed more efficiently by adsorption of goethite-covered
quartz sand. At higher flow rate, the arsenic left the column
before the equilibrium between the adsorbate and adsorbent
took place. For example, the time for arsenic breakthrough
concentration steadily increased from 13.4 to 36.7 days due to
the decreasing of the water’s flow rate (Table 7). The value of
rate constant of arsenate adsorption (K) increased gradually at
a higher flow rate of spring waters (Table 8). However, the
value of sorption capacity of goethite-covered quartz (No) sand
was higher at the lowest tested flow rate which was an
indication that the process of arsenate adsorption was rate-
dependent. For that reason, the equilibrium arsenic content
(Jeg) and maximum adsorption capacity (qo) of goethite-
covered quartz sand were 3.97 pg/g and 4.04 ug/g for 0.131
L/24 h. At all tested flow rates, the value for the maximum
adsorption capacity (qo), predicted by Adams- Bohart model,
was close to the experimentally determined values of the
equilibrium arsenic content (geq). However, we must keep in
mind that some review shows that the maximum adsorption
capacity determined by Adams-Bohart Model usually
underestimate the value in comparison to other models applied
to continuously operated experiments (Podder, Mjumder,
2018).
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Index Applied flow rate, L/24 h operation in dependence on the applied flow rate
033 | 0221 | 0.131 Index Applied flow rate, L/24 h
Arsenic in inlet 250 0.33 0.221 0.131
solution, g/ L ' Veff, L 4.95 5.08 5.1
Height ~of the Qotal, HY 108.61 11.72 119.03
adsorption  zone, 1.8 Miotal, 4g 131.25
cm Qeg, MO/ g 3.62 3.72 3.97
Volume of solutions Efficiency of the arsenic
being treated, L 530 adsorption, % 827 85.1 0.7
Applied bed Adsorbent exhaustion
volumes per 24 h 94 6.3 3.7 rate, kgl 0.0061 0.0059 | 0.00587
Time of operation Breakthrough
until 100 % arsenic 16 24 40 capacity (Qsox), Hg 3.56 3.65 3.90
breakthrough, days As/ g adsorbent
- Time for arsenic
Cel Ci breakthrough 134 20.6 36.7
concentration, days

Table 8. Bohart-Adams model constants for the arsenic
adsorption on goethite-covered quartz sand under a
continuous regime of operation in dependence on the applied
flow rate

Flow No, : Qeq, qo, R2
rate, | pg/L ' Ho/g | molg

L/24h Lkgh

033 | 2122 | 0.0936 3.62 369 | 0.9856
0221 | 21.74 | 0.0589 3.72 3.78 | 09326
0.131 | 23.23 | 0.0369 3.97 404 | 0.981

Although the experiments were carried out until 100% arsenic
breakthrough, the process of arsenic removal from the spring
water was very efficient. For example, at the highest tested
flow rate, 0.33 L/24h, the efficiency of arsenic removal was
higher than 82%.

Arsenate desorption from goethite-covered quartz sand
under a continuous regime of operation

The arsenate desorption from goethite-covered quartz
sand was carried out with phosphate containing water whose
concentration was three times higher than the arsenic
concentration in the waters being treated. The results
suggested that the arsenate adsorption on goethite-covered
quartz sand led to the formation of a covalent bond. For
example, the total amount of desorbed arsenic was 13.3 g,
when the desorption solution was with slightly alkaline pH,
which related to 11.2% of efficiency (Fig. 4). When the pH of
the above-mentioned desorption solution decreased to 5.00,
almost the same amount of arsenic desorbed from the sorbent.
If the pH decreased further to pH 3.00, additional 4.9 pg
arsenic desorbed just in a few cycles and the final percent of
desorption reached 13.0% (Fig. 5).

Arsenate desorbed most efficiently when the pH of the
desorbing solution increased above 8.5. In that case, the
percent of desorption reached 55.2% (Fig. 6). A ligand
exchange process between adsorbed arsenate and hydroxy!
anions was the mechanism and the decreasing pH of effluents
to values in the range 7.6-7.8 evidenced it. Further alkalisation
of desorption solution to 9.5-10.0 led to the release of 12.5 ug
additionally and the total arsenate desorption reached 65.8%.
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Fig. 4. Arsenic desorption from goethite-covered quartz sand by
HPO4? -spiked spring water in a continuous regime of operation
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Fig. 5. Arsenic desorption from goethite-covered quartz sand by
HPO.Z -spiked spring water at acidic pH in a continuous regime
of operation
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Fig. 6. Arsenic desorption from goethite-covered quartz sand by
HPO.Z-spiked spring water at alkaline pH in a continuous regime
of operation
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Conclusions

1. The equilibrium content of adsorbed arsenates on
goethite-covered quartz sand in a filter column, operated in
flow regime, was in the range of 3.5-3.9 pg/g. The bed height
of the adsorption zone and the applied flow rate had a crucial
effect on the efficiency of the pollutant removal.

2. There is a need to test other widely applied column
adsorption kinetic models such as Thomas, Yoon-Nelson, etc.,
to the experimental data to predict the arsenic breakthrough
curves and for estimating the column kinetic parameters.

3. The arsenate desorbed more efficiently under a
continuous regime of operation at alkaline in comparison to
acidic pH. It revealed that the ligand exchange mechanism
played the main role in sorption/ desorption process of
arsenate on/ from goethite-covered quartz sand.
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