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AbstractSpent coffee ground (SCG), a byproduct from the soluble coffee industry, is usually discarded as waste. The
reutilization of SCG for the removal of toxic heavy metal ions is a novel research direction. Until recently, the molecu-
lar adsorption and reduction mechanism of Cr(VI) on SCG was barely investigated. In this study, SCG was used for
the efficient removal of Cr(VI) at a concentration range of 2-100 mg/L, with a maximum Cr(VI) uptake up to 36.2 mg/
g. Structural characterization and ATR-FTIR analysis indicated that SCG possessed abundant surface O and N- con-
taining functional groups. The corresponding adsorption and reduction effects on the Cr(VI) removal were investi-
gated by the carboxyl and hydroxyl groups elimination experiments and ATR-FTIR characterization, respectively. The
results revealed that HCrO4

 ions were preliminarily adsorbed on SCG surfaced-COOH/-OH/-NH by the formation of
hydrogen bond (SCG surfaced-COOH/-OH/-NH···HCrO4

), and quickly reduced to Cr(III) by the electron denoted by
phenolic compounds, and then in-situ immobilized on the surface of SCG. The effect of Cr(VI) concentration, coexist-
ing ions, and humic acid was systematically studied to optimize the removal of Cr(VI) wastewater. Column experi-
ments provided a new substitution to restore the Cr(VI)-containing groundwater for the permeable reactive barrier
application. Thus, the proposed study uncovered the intrinsic Cr(VI) removal mechanism at the molecular level and
explored the application of SCG for the efficient removal of Cr(VI).
Keywords: Spent Coffee Ground, Cr(VI), Adsorption, Reduction

INTRODUCTION

Hexavalent chromium (Cr(VI)), primitively distributed in chro-
mite ore, easily migrates into natural water due to ore extraction,
leather tanning, and chromium plating [1-4]. Due to its fast mobil-
ity and high toxicity, Cr(VI) causes great harm to human health and
aquatic organisms. Normally, the reduction of Cr(VI) to Cr(III) for
lowering the toxicity and the stable immobilization of Cr(VI) was
a major remediation strategy [5,6]. Even though various methods
of adsorbent, reduction, ion exchange and biological enrichment
have been reported, most of them are not cost-effective. Conse-
quently, more economical and eco-friendly technologies for the
removal of Cr(VI) are still urgently needed.

Spent coffee ground (SCG) is a residue from the soluble coffee
industry, with an annual production of 6 billion kg per year re-
ported by the International Coffee Organization [7]. Usually, SCG
is disposed of as solid waste, or used as fertilizer, causing harm to
the environment [8,9]. Therefore, research on the secondary use of
SCG is being carried out in a variety of fields, such as value-added
products, green energy production, and adsorbent [10-12]. Espe-
cially, SCG is used to remove heavy metal Cr(VI) due to its ad-
sorption efficiency and antioxidants [13,14]. For example, Prabha-
karan et al. compared the SCG and spent tea for Cr(VI) removal
and found that the coffee ground exhibited 40 times faster Cr(VI)
removal efficiency than that of spent tea, mainly attributed to the

more reductive phenolic compounds of coffee ground [15]. Han et
al. reported that the rate of Cr(VI) removal by SCG at freezing tem-
perature increased 11 times compared to room temperature, mainly
due to the enhanced local concentration of protons and phenolic
compounds [16]. Besides the excellent Cr(VI) removal performance
of SCG, the preliminary results barely investigated how the Cr(VI)
ions were adsorbed and reduced by SCG at the molecular level. Nor-
mally, SCG contains lignocelluloses, residual caffeine and phenolic
compound, thus endowing SCG with abundant surface functional
groups [17,18]. Obviously, these surface functional groups, such as
-COOH and -OH, would interact with Cr(VI) ions during the
Cr(VI) removal process. However, the possible interaction between
the functional groups and Cr(VI) and how these functional groups
affect the adsorption and reduction of Cr(VI), is still unknown,
which is vital for deeply understanding the intrinsic mechanism of
Cr(VI) removal by SCG. Thus, it is of great significance for us to
develop a promising approach for the utilization of SCG waste.

In this study, the adsorption and reduction of Cr(VI) on the sur-
face of SCG were investigated for the first time. The structure and
surface functional groups were systematically studied for uncover-
ing the intrinsic Cr(VI) removal mechanism at a molecular level.
In addition, Cr(VI) concentration, coexisting ions, humic acid and
column experiments were systematically checked for further treat-
ment of actual Cr(VI)-contaminated wastewater.

MATERIALS AND METHODS

1. Chemicals and Materials
Spent coffee grounds (SCG) were obtained from Kentucky Fried
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Chicken (KFC), washed several times with distilled water, and dried
at 60 oC in a vacuum oven. Analytical grade K2Cr2O7, 1,10-phenan-
throline, 1,5-diphenylcarbazide, NaCl, NaNO3, Na2SO4, Na2CO3 and
Na3PO4 were supplied by Sinopharm Chemical Reagent, China.
2. Characterization of Material

The structure of the SCG was studied by X-ray diffraction (XRD,
Rigaku MiniFlex 600, Japan), scanning electron microscopy (SEM,
HITACHI SU8010, Japan) combined with energy dispersive X-ray
(EDX) imaging, and high-resolution X-ray photoelectron spectros-
copy (XPS, VG Multilab 2000, USA). Surface functional groups of
SCG were tested by ATR-FTIR spectroscopy (Nicolet iS50, Thermo
Fisher Scientific, USA), at a resolution of 4 cm1 and 100 scans. The
specific surface area of SCG was measured by a Brunauer-Emmett-
Teller method at 77 K (Micrometics ASAP2020, USA).
3. Cr(VI) Removal Procedure by SCG

Typically, a 0.1 g SCG sample was added to a 30 mL solution
containing a certain concentration of Cr(VI) and shaken at 200
rpm at room temperature (25±2 oC). After a certain time interval,
the supernatant was collected and analyzed using the 1,5-diphenyl-
carbazide colorimetric method (Fig. S1) [19]. For the regenera-
tion, the Cr(VI)-adsorbed SCG was soaked in 30 mL of 0.1 mol/L
nitric acid solution for 1 h and then washed several times with
deionized water [20].
4. Removal of Cr(VI) by Carboxyl and Hydroxyl Groups on
SCG

To evaluate the effect of carboxyl groups of SCG on the Cr(VI)
removal, 0.5 g SCG was added to 18 mL anhydrous methanol and
2 mL HCl (37% wt). After being shaken continuously for 6 h, the
sample was collected, washed with distilled water, and dried at
60 oC in a vacuum oven, and named “Eliminated-COOH of SCG”.

Similarly, for evaluating surface hydroxyl group on SCG, 0.5 g SCG
was mixed with 20.0 mL HCHO solution, shaken for 6 h, and col-
lected in the same way. The treated sample was named “Eliminated
-OH of SCG”.
5. Column Experiment

The inner diameter of the column reactor was 10 mm and the
length was 160mm. The bottom and top of the column were packed
with 40 mm of quartz sand (10-20 mesh) and cotton to prevent
the SCG loss from the column and to stabilize the SCG. 1 g SCG
sample was filled into the middle of column. 2.0 mg/L of Cr(VI)
was pumped through the column in an upflow mode at a flow rate
of 0.5 mL/min. The empty bed contact time was 20 minutes. After
a specific time, the effluent from the top of the column was col-
lected for analysis.

RESULTS AND DISCUSSION

1. Cr(VI) Removal Efficiency of Spent Coffee Ground
The Cr(VI) removal efficiency of SCG was first investigated in

a concentration range of 2-100 mg/L (Fig. 1(a)). The SCG showed
a perfect removal performance at high Cr(VI) concentration. Spe-
cifically, at a concentration below 10 mg/L, SCG effectively removed
99.8% of Cr(VI) within one hour. With the increase of Cr(VI) con-
centration, the Cr(VI) removal rate slowly decreased. However, the
total Cr(VI) removal capacity quickly increased from 2 to 30 mg/L
(Table S1). The Cr(VI) removal capacity of SCG at different Cr(VI)
concentrations was tested and described in Fig. 1(b). The Cr(VI)
removal data were better fitted with the Langmuir model, consis-
tent with Prabhakaran et al.’s report [15]. The maximum Cr(VI)
removal capacity (qm) of SCG reached 36.2 mg/g. After a specific

Fig. 1. (a) The removal efficiency of Cr(VI) by SCG under different Cr(VI) concentrations. (b) Adsorption isotherms of Cr(VI) on SCG. (c)
Cr 2p HR-XPS spectroscopy of SCG reacted with Cr(VI). (d) Cr(VI) removal by the separated liquid and solid SCG. The dosage of
SCG was 3.3 g/L. The initial pH was 6.5±0.1. For adsorption isotherms, the initial Cr(VI) concentration was 2 to 1,000 mg/L.
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surface area was normalized, the maximum removal capacity was
7.40 mg/m2 (Fig. S2). The value was higher than that of biochars
[21,22], widely reported zero-valent iron-based adsorbents [23,24],
and iron oxides [25,26], indicating its promising potential for the
remediation of Cr(VI)-contaminated wastewater (Table S2). The
outstanding Cr(VI) removal performance is mainly rooted in the
special structure of SCG, which was explored in this study.

Subsequently, the reacted SCG was tested by HR-XPS spectros-
copy. As shown in Fig. 1(c), an obvious Cr peak was observed,
indicating that the reduced Cr(VI) in the solution was fixed on the

Fig. 2. (a), (b) SEM, (c) particle size, and (d)-(f) overlay of C, O, and N high-resolution EDS mapping of SCG.

Fig. 3. (a) ATR-FTIR of SCG. Deconvoluted high-resolution XPS spectra of C 1s (b), N 1s (c), and O 1s (d).

SCG surface. By fitting the Cr 2p HR-XPS spectrum, the broad
peak was attributed to Cr(III) and Cr(VI) species [27]. Especially,
the Cr(III)/Cr(total) molar ratio reached 59%, further validating the
promising reduction and immobilization capacity of SCG. Emphat-
ically, to confirm the solid SCG itself for the Cr(VI) removal, we
tested the Cr(VI) removal efficiency by the possible dissolved active
substances from SCG. SCG was first added to 30 mL distilled water
for a shocking 12 hours. Then, the separated liquid and SCG were
separately applied to remove Cr(VI). Comparably, the separated liq-
uid only removed 10% of Cr(VI), revealing the solid SCG was the
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main active substance to remove the Cr(VI) contaminant (Fig. 1(d)).
2. Structural Characterizations of SCG

To further clarify the Cr(VI) removal mechanism by the solid
SCG, the SCG was subsequently characterized in detail. The mor-
phology and surface element distribution of SCG was first exam-
ined and shown in Fig. 2. SEM images show that raw SCG ex-
hibited an irregular block with a relatively smooth surface (Fig. 2(a),
(b)). The average particle size of SCG was around 427m (Fig.
2(c)). EDS mapping analysis shows that the C, O, and N elements
were evenly distributed on the surface of SCG, with the relative
mass ratio of 73.7%, 18.8%, and 7.5%, respectively (Fig. 2(d)-(f)
and Fig. S3).

ATR-FTIR was employed to analyze the surface functional groups
on SCG. As shown in Fig. 3(a), a broad peak at 3,200-3,400 cm1

indicates the O-H stretching and hydrogen bridges, mainly attri-
buted to the phenolic hydroxyl and carboxyl groups [9,28]. Dis-
tinct peaks at 2,919 cm1 and 2,852 cm1 correspond to the sym-
metric stretching of -CH3 and asymmetric stretching of -CH2-,
indicating the presence of lipid structure in SCG [29]. The bands
at 1,710 cm1 belong to the carboxyl bond vibrations from the var-
ious oxygen functional groups, while the bands at 1,649 cm1 are
attributed to the -NH- stretching of purine, indicating the presence
of carbonyl compounds and caffeine [29,30]. The peaks at 1,460,
1,285, and 1,010 cm1 are attributed to C=C bonds of aromatic rings,
typical of lignins [20]. The above results confirm that SCG contains
typical -OH, -COOH, and -NH- functional groups from lignocel-
luloses and other organic compounds. Additionally, the surface
chemical environment of these functional groups was further
checked by high-resolution XPS spectrum (Fig. S4). The presence

of C, O, and N validated the results of SEM-EDS and ATR-FTIR.
As shown in Fig. 3(b), the high-resolution C 1s XPS spectrum
contains four peaks at 284.5, 285.4, 286.5, and 288.6 eV, respectively.
A peak at 284.5 eV was designated as a reference carbon [23].
Another peak at 285.4 eV was ascribed to C=C bonds of the ben-
zene ring, while the peak at 286.5 eV was attributed to C=O of the
carboxyl group [20]. The low-intensity peak at 288.6eV corresponds
to the C-O of phenols [20]. Meanwhile, the N 1s spectrum analy-
sis exhibits peaks assigned to C-N-C (purine N, 399.8 eV) and -NH-
(401.2 eV), confirming the presence of caffeine (Fig. 3(c)) [31].
Additionally, the O peaks at 531.7 eV (C-O-C), 532.3 eV (-COO-),
533.4 eV (O-C-O), and 534.6 eV (phenolic-O) are ascribed to the
carboxyl and phenolic hydroxyl groups (Fig. 3(d)) [7,32]. Thus,
the ATR-FTIR analysis and high-resolution XPS spectra confirm
that the SCG particles contain a mass of C-containing lignocellu-
loses, some N and O-containing organic compounds such as caf-
feine and phenolic compounds, endowing it with specific physico-
chemical properties for the removal of Cr(VI).
3. Effect of Surface Functional Groups on Cr(VI) Removal

ATR-FTIR spectrum was employed to study the surface func-
tional group change of SCG after the removal of Cr(VI) (Fig. 4(a)).
Obviously, the wide peak of -OH became weaker and the -COOH
peak of reacted SCG nearly decreased, suggesting that the -OH
and -COOH may be the main active sites to adsorb Cr(VI) [20].
Meanwhile, the peak intensity of -NH- at 1,649cm1 also weakened,
meaning the interaction of the -NH- group with Cr(VI). How these
O and N-containing functional groups attached with the Cr(VI)
ions are important to unlock the mechanism of SCG for the Cr(VI)
removal. Generally, Cr(VI) is absorbed on the absorbents via elec-

Fig. 4. (a) ATR-FTIR spectra of SCG reacting with Cr(VI). (b) pH change during the removal of Cr(VI) by SCG, and Cr(VI) speciation as a
function of pH (Inset). (c) ATR-FTIR spectra of SCG, eliminated -OH and -COOH of SCG. (d) Cr(VI) removal efficiency by using
SCG, eliminated -OH and -COOH of SCG. The dosage of SCG was 3.3 g/L. Initial pH and Cr(VI) concentration were 6.5±0.1 and
10 mg/L, respectively.
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trostatic interaction, such as the electrostatic attraction between the
positive and negative charged ions [33,34]. Therefore, the surface
charge of SCG and Cr(VI) ions at different pHs were checked by
zeta potential and Cr(VI) speciation simulation. The zeta potential
of SCG at initial pH 4-8 was negative, which was mainly attributed
to the existence of abundant negatively charged hydroxyl and car-
boxyl groups on SCG (Fig. S5). Meanwhile, the speciation of Cr(VI)
ions as a function of pH was simulated (Inset in Fig. 4(b)). Therein,
the main speciation below pH 4.5 was HCrO4

, above pH 9.0 was
Cr2O7

2, and between pH 4.5-9.0 was the co-existence of CrO4
2

and HCrO4
. Additionally, the pH change during the Cr(VI) re-

moval process was tested (Fig. 4(b)). The pH quickly decreased
from 6.5 to 3.7 within 5 minutes and then slightly increased to 4.0
in 180minutes, in which the SCG was negatively charged and Cr(VI)
existed as HCrO4

 in the main speciation. Accordingly, the HCrO4


anions could not be adsorbed on the negatively charged surface of
SCG via electrostatic interaction [35]. Based on the above ATR-
FTIR spectra analysis, we speculated that the HCrO4

 anions were
adsorbed on the surface of SCG, mainly driven by the hydrogen
bond formed between the O and N-containing functional groups
on SCG and HCrO4

 anions [36]. During the adsorption process
of HCrO4

, the hydrogen atoms of hydroxyl/carboxyl and -NH-
groups are easily bonded with the highly electronegative O atom
from the HCrO4

 anions to generate the hydrogen bond of -COOH/
-OH···HCrO4

 and -NH···HCrO4
 (Eq. (1)-(3)), leading to the peak

intensity decline of the corresponding -OH, -COOH and -NH-
functional groups over SCG. Subsequently, the -COOH and -NH-

containing compounds, like purine and lignin with the weaker
reducibility, only adsorbed the HCrO4

 anions through the formed
hydrogen bond [7,15]. In comparison, the phenolic compound
with strong reducibility could transfer its electron to the absorbed
HCrO4

 anions through the linked hydrogen bond and the reduc-
tive Cr(III) was in-situ immobilized on SCG [37], in which the
molar ratio of Cr(III)/Cr(total) accounted for 59% revealed by the
result of Cr 2p HR-XPS (Eq. (4)).

SCG -OH+HCrO4


SCG-OH···HCrO4
 (1)

SCG -COOH+HCrO4


SCG-COOH···HCrO4
 (2)

SCG -NH-+HCrO4


SCG-NH···HCrO4
 (3)

HCrO4
+7H++3eCr3++4H2O (4)

4. Main Roles of Surface -OH and -COOH Groups
To further confirm the key roles of surface -OH and -COOH

groups of SCG on the Cr(VI) removal, the ATR-FTIR spectra and
the Cr(VI) removal performance with the eliminated O-contain-
ing functional groups of SCG were checked. As was reported, the
-OH groups could be eliminated by the reaction with formalde-
hyde, while the -COOH groups were blocked by shaking in anhy-
drous methanol and 0.1 mol/L HCl according to the reaction, Eq.
(5) and Eq. (6) [20]. As shown in Fig. 4(c) of ATR-FTIR spectra, the
corresponding peak intensity of -OH decreased for the eliminated
-OH of SCG, while a blue shift of the -COOH peak occurred for
the eliminated -COOH of SCG due to the formation of ester (Eq.

Fig. 5. (a), (b) Effect of co-existing ions and humic acid on the Cr(VI) removal by SCG. The initial concentration of SCG and Cr(VI) was
3.3 g/L and 20 mg/L, respectively. (c) Reusable performance of SCG in the consecutive removal of Cr(VI). The initial concentration of
SCG and Cr(VI) was 3.3 g/L and 5 mg/L, respectively. (d) A typical breakthrough curve for SCG showing the movement of the mass
transfer zone (influent Cr(VI) was 2.0 mg/L, influent pH was 6.5±0.1, the influent rate was 0.5 mL/min).
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(6)). The Cr(VI) removal experiments revealed that the Cr(VI)
removal efficiency with the eliminated -OH and -COOH of SCG
was only 20.0%, 10.0%, respectively, much lower than the 99.9% with
SCG (Fig. 4(d)). It could be interpreted that when the -COOH
group was shielded by the formation of ester, the adsorption pro-
cess of Cr(VI) by -COOH group of SCG was inhibited, and thus
only -OH and -NH- groups with weak adsorption ability were
responsible for the low efficiency for 20% of Cr(VI) removal. As
for the elimination of -OH group, only 10% of Cr(VI) could be re-
moved by the -COOH groups on SCG, although -COOH groups
possessed a strong adsorption ability. This phenomenon well con-
firms the considerable synergistic effect of reduction promoting
adsorption, which was consistent with Li et al. and Wang et al.’s
reports [38,39]. These crucial findings highlight the important roles
of the O- and N-containing groups on the adsorption and reduc-
tion of Cr(VI) at the molecular level.

2SCG-OH+HCHO(SCG-O)2CH2+H2O (5)

SCG-COOH+CH3OH (acidic)COOCH3+H2O (6)

5. Removal Cr(VI) from Simulated Wastewater
Inorganic anions, like Cl, NO3

, PO4
3, SO4

2, and CO3
2, are

widely distributed in wastewater, which usually affects the removal
performance of contaminants [40]. The effect of co-existing ions
on the Cr(VI) removal was checked in detail. As shown in Fig.
5(a), the added Cl and NO3

 slightly decreases the removal effi-
ciency of Cr(VI), which can be attributed to their weak coordina-
tion ability, producing nonsignificant impact on the SCG surface
[41]. By contrast, SO4

2 is more easily adsorbed on SCG surface,
preventing the Cr(VI) removal. The inhibitory effect of PO4

3 and
CO3

2 on Cr(VI) removal is the most significant. Compared with
Cl, NO3

 and SO4
2, the strong coordination ability of PO4

3 causes
intense competition for the same active sites with Cr(VI), result-
ing in the significantly retard the removal of Cr(VI) on SCG sur-
face [42]. It is noted that CO3

2 could react with the -COOH group
containing compound by consuming H+, leading to the inactiva-
tion of SCG sites, and thus strongly inhibiting the Cr(VI) removal.

Humic acid (HA), a macromolecular organic matter widely found
in nature, profoundly affects the Cr(VI) removal performance [43].
As shown in Fig. 5(b), the Cr(VI) removal efficiency of SCG in
the presence of different concentrations of HA (0-80 mg/L) was
also evaluated. The Cr(VI) removal rate slightly decreases by 4%
with the increase in HA concentration from 5 to 20 mg/L, while
the removal efficiency decreases by 10% from 40 to 80 mg/L. Proba-
bly, the HA with a mass of carboxyl groups could competitively
coordinate the Cr(VI) anions in the aqueous [44,45], and thus
inhibit the Cr(VI) removal by SCG. In addition, a reusability test
of SCG on the removal of Cr(VI) was conducted and the result is
shown in Fig. 5(c). The Cr(VI) was completely removed in 30 min
for the first four consecutive times, indicating the good reusability
of SCG. At the fifth reusability, the removal efficiency of Cr(VI)
decreased approximately 10%, which was probably attributed to
the partial destruction of O- and N-containing groups on SCG
during the regeneration and reutilization process.
6. Column Experiment

The Cr(VI) contaminant easily migrated into groundwater, where

the treatment was required the permeable reactive barriers (PRB)
technology [46,47]. As was reported, the zero-valent iron-bearing
permeable reactive barrier (PRB) technology was developed owing
to its cost-effectiveness and reduction performance. However, zero-
valent iron suffered the faster passivation and greater porosity loss,
which is not beneficial for the long-term performance of PRBs
[48]. By contrast, the Cr(VI) removal performance by using SCG
in this study was more preeminent than zero-valent iron. Besides,
the fluffy structure of SCG benefited the Cr(VI)-containing ground-
water flow across the column. Both reasons indicated that SCG
would be an alternative active material in PRB to treat the Cr(VI)-
containing groundwater. Therefore, a column experiment was used
to simulate the PRB technology by using SCG as the reactive
medium. The SCG packed column reactor system was designed
to check the long-term performance of SCG (Fig. S6). As shown
in Fig. 5(d), in the initial stage, Cr(VI) is almost never detected in
the effluent, suggesting the perfect adsorption and reduction per-
formance of SCG. With increased the effluent solution to 2,600
mL, the effluent concentrations of Cr(VI) increase and quickly
reach the saturation point. According to the mass of SCG packed
in column and the initial concentration of Cr(VI), the accumulated
amount of Cr(VI) adsorbed onto SCG reaches 5.2 mg/g, which is
larger than that of zero-valent iron [49,50]. The excellent Cr(VI)
removal performance suggests that the SCG might be a promis-
ing alternative to remove the Cr(VI)-containing groundwater in
the permeable reactive barrier [51].
7. Enhanced Cr(VI) Removal Mechanism of SCG

Based on the above results, the interface adsorption and reduc-
tion mechanism of Cr(VI) on SCG were clarified (Scheme 1). SCG
contained lignocelluloses and organic compounds such as caffeine
and phenolic compounds, endowing it with abundant surface O
and N-containing functional groups. ATR-FTIR verified that a
hydrogen bond was formed between the O and N-containing func-
tional groups on SCG and HCrO4

 anions. In the pre-adsorption
of Cr(VI) process, HCrO4

 ions were directly adsorbed on the sur-
face of SCG via the formed hydrogen bond of SCG-COOH/

Scheme 1. Schematic for the adsorption and reduction pathway of
Cr(VI) on SCG.
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-OH···HCrO4
 and SCG-NH···HCrO4

. The electrons from reduc-
tive phenolics which contained abundant -OH were quickly trans-
ferred to HCrO4

 as soon as the HCrO4
 adsorbed on SCG, while

the -COOH and -NH-containing compounds were mainly respon-
sible for the Cr(VI) adsorption. This study confirms the important
role of hydrogen bond formed between the O and N-containing
functional groups on SCG and HCrO4

 anions. The reusability of
SCG and column experiment proves the promising application of
SCG for the removal of Cr(VI)-contaminated wastewater.

CONCLUSIONS

The mobility and biotoxicity of Cr(VI) cause great harm to human
health and aquatic life. In addition to the widely reported zero-valent
iron, biochar, and other nanocomposites, spent coffee ground (SCG)
is a desirable alternative to remove Cr(VI) with a maximum uptake
of 36.2 mg/g. In the study, we first systematically explored the
interfacial adsorption and reduction process of Cr(VI) ions on SCG
with the eliminated carboxyl and hydroxyl groups experiments and
ATR-FTIR spectroscopy. The result revealed that the HCrO4

 was
pre-adsorbed on SCG surface driven by the formed hydrogen bond
of SCG-COOH/-OH···HCrO4

 and SCG-NH···HCrO4
. Then the

partial HCrO4
 was quickly reduced to Cr(III) by the devoted elec-

tron from the phenolic compound present on SCG, followed by
in-situ Cr(III) immobilization. Besides, the investigation of the coex-
isting ions and humic acid on the Cr(VI) removal, and column
experiments further indicated SCG would be a new ideal substi-
tute for the Cr(VI)-contaminated wastewater treatment. This study
uncovered the adsorption and reduction mechanism of Cr(VI)
removal on SCG and also provided some clues for the efficient treat-
ment of Cr(VI).
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Fig. S1. Absorbance of different Cr(VI) concentration checked by
the 1,5-diphenylcarbazide colorimetric method.

Fig. S2. Nitrogen adsorption-desorption isotherms of SCG.

Fig. S3. Energy-dispersive X-ray spectroscopy (EDS) of SCG.

Fig. S4. XPS spectroscopy of SCG.
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Table S2. Comparison of the maximum Cr(VI) removal by SCG, biochar, zero-valent iron-based adsorbent and iron oxides. (SSA: specific
surface area)

Samples Initial pH SSA (m2/g) qm (mg/g) qm (mg/m2) Reference
SCG 7.0 4.86 36.2 7.4 This work
Oak wood biochar 2.0 / 3.03 / [1]
Corn straw biochars 7.0 417.83 26.2 0.062 [2]
ZVI 6.2 0.75 0.87 1.16 [3]
S-ZVINa2S 6.0 30.8 [4]
nZVI-Fe3O4 8.0 40 29.43 0.14 [5]
-Fe2O3 3.0 120 30 0.23 [6]

Fig. S5. Zeta potential of SCG at initial pH 4-8.

Fig. S6. SCG-packed column reactor system.Table S1. Remove quantity of Cr(VI) by SCG
Cr(VI)/(mg/L) 2 5 10 20 50 100
Remove quantity/(mg/L) 2 5 10 18 32.5 30.0


