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sorbents. Multiple mechanisms, including electrostatic attraction, ion exchange, complexation, and physical
adsorption, controlled the adsorption process. These results highlight excellent potential for distillers grains-
derived hydrochar-clay composites as an environmental sorbent, capable of removing a variety of contami-
nants from aqueous solutions.
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1. Introduction

Distillers grains are the final by-product of biomass distillation and a
typical waste of the ethanol industry. Due to their high carbon and
nutritional content, distillers grains are mainly used as a low-value an-
imal feed, fertilizer, or energy source (Abd et al., 2017). Previous studies
have shown that carbon-rich biomass wastes can be converted into
value-added biochar products (Kumar, 2020). Nevertheless, only few
studies have attempted to use distillers grains as feedstock for biochar
production (Sadeghi et al., 2016; Wang et al., 2020).

Hydrothermal carbonization (HTC) is a simple, efficient, and green
process for biochar (hydrochar) production (Roman et al., 2020). In this
process, biomass is heated uniformly in water, which enhances heat
transfer and chemical reactions (Anh Tuan Vo, 2020). Because pre-
drying of feedstock is not needed, energy consumption by hydrochar
production is lower than that of biochar produced by pyrolysis (Roman
et al., 2020). HTC of biomass occurs in liquid water at 180-250 °C under
pressures of 20-40 bar (Vinoth Kumar Ponnusamya, 2020). It involves a
complex series of reactions such as dehydration, decarboxylation,
decarbonylation, deamination, polymerization, condensation, and
repolymerization (Miliotti et al., 2020). These reactions result in porous
structures and surface functionalities that may enhance the ability of
hydrochar to adsorb a range of contaminants (Zhang et al., 2018).
However, the adsorption ability of most hydrochar is relatively low,
especially for anions such as phosphate (Fang et al., 2015; Fang et al.,
2018). Several modification technologies have been developed to
improve the ability of hydrochar to sorb various pollutants in aqueous
solutions (Li et al., 2020). Most of them, however, are complicated two-
step methods that require HTC of the feedstock first, and then physical/
chemical modification of the hydrochar. There is a crucial need to
develop facile, one-pot methods that combine the HTC and modification
steps to produce hydrochar with enhanced sorption ability.

Previous studies have shown the specific surface area and functional
group composition of biochar to be improved through mineral modifi-
cation (Wang et al., 2015; Yao et al., 2014). Minerals, especially clays,
have the advantages of great abundance, low cost, large adsorption
capacity, and nontoxicity (Padilla-Ortega et al., 2020; Quintelas et al.,
2011). For example, Wang et al. Wang et al. (2020) found that phos-
phogypsum modification of biochar derived from distillers grains
effectively removed phosphate (P) from water. In another study, dolo-
mite modification greatly enhanced the removal of P from aqueous so-
lution by biochar (Li et al., 2019). Even greater P removal, however, was
achieved using Mg-containing mineral to modify biochar surfaces (Zhu
et al., 2020a; Zhu et al., 2020b). These experiments indicated that the
MgO particles on the surface of biochar were the main adsorption sites,
and the adsorption capacity of P increased with the Mg content (Zheng
et al., 2020). However, there has been no exploration of the properties
and adsorption abilities of hydrochar modified with magnesium-rich
minerals.

In this work, distillers grains-derived hydrochars were prepared by a
novel one-pot synthesis through co-HTC with magnesium-rich phyllo-
silicate clay minerals (vermiculite and attapulgite). It is our central
hypothesis that one-pot co-HTC of distillers grains with vermiculite/
attapulgite would result in hydrochar with unique surface properties
and enhanced ability to sorb various pollutants in water. To test the
hypothesis, the physical and chemical properties of grains-derived
hydrochars were characterized in detail. In addition, batch sorption
experiments were conducted using P and methylene blue (MB, a
representative organic cation). Specific objectives are to: 1) determine
whether the grains-derived hydrochar can support the clays via co-HTC,
2) understand the mechanism of P and MB adsorption by the composite
hydrochar, and 3) identify optimal conditions for P and MB removal by
the composite hydrochar.
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2. Materials and methods
2.1. Materials

Distillers grains were obtained from a grain distillery in Guizhou
Province, P. R. China. Its basic physical and chemical properties are
listed in the Table 1. Vermiculite (AlFeMgOs3Si), with a particle size
between 0.1 and 0.15 mm, was purchased from Shanghai McLean
Biochemical Technology Co., Ltd and attapulgite (MgsSigO20(O-
H)2(OH3)4-4H,0), with a particle size between 0.1 and 0.15 mm, was
purchased from Shanghai Yuanye Biotechnology Co., Ltd. Analytical
grade KHyPO4 and methylene blue (MB) were purchased from Sino
Pharm Chemical Reagent Co., Ltd.

2.2. Preparation of hydrochar

Prior to co-HTC, attapulgite and vermiculite (5 and 15% by weight,
respectively) were separately mixed with distillers grains in a blender.
Then, 90 g of each mixture was added to 900 mL (1:10 v/v) ultrapure
water for ultrasonic dispersion for 1 h and then placed in a 1500 mL
reaction kettle (GSHA, JIAYI, CHINA). A constant voltage was main-
tained and the temperature was held at 180 °C for 6 h, then allowed to
cool. After oven-drying, the samples were ground in a mortar and sieved
to pass 100 mesh. Samples were stored in a desiccator and designated as
DG-AS (distillers grains —5% attapulgite hydrochar), DG-A15 (distillers
grains —15% attapulgite hydrochar), DG-V5 (distillers grains —5%
vermiculite hydrochar), and DG-V15 (distillers grains —15% vermiculite
hydrochar). Distillers-grains hydrochar was also prepared without the
addition of minerals using the same HTC conditions, and labeled as
DGH.

2.3. Characterization of hydrochar

Scanning electron microscopy (SEM) equipped with energy-
dispersive X-ray spectrometry (EDX; JSM-7800F, JEOL, Japan) was
used to observe the surface morphology and the proportions of basic
elements in the hydrochars. The surface functional groups of hydrochar
were analyzed by a Fourier Transform Infrared Spectrometer (FT-IR)
(Nicolet 6700, Thermo Fisher Scientific, USA). The crystalline materials
and the crystallographic structures of hydrochar were checked through
X-ray diffraction (XRD) using an X-ray diffractometer equipped with a
graphite crystal monochromator (I-2, Nicolet, Madison, WI, USA). The
atomic states of major elements were analyzed by X-ray photoelectron
spectroscopy (XPS; Axis Ultra DLD, Kratos, UK) using an Al K, line (15
kV, 10 mA, 150 W) as a radiation source. In addition, an ICP-MS (Agilent
8800 s, Agilent Technologies, USA) was employed to measure total Mg
content. The content of Mg(OH), was obtained by titration with
chromium-black T and EDTA standard solution (Raij, 1966). Then, ac-
cording to the ratio coefficient of Mg(OH), to MgO, the content of MgO
was calculated (Birgitta Bostrom, 1991; Zhu, 2020).

2.4. Preliminary adsorption experiments

Initial assessment of the MP and P sorption capacity of the hydro-
chars was conducted using batch adsorption experiments performed
using varying solid:solution ratios. For MB, different amounts of
hydrochar (0.01, 0.02, 0.04, 0.1, 0.2, 0.4 g) were added into 50 mL
centrifuge tubes with 40 mL of 100 mg L' MB solution. The centrifuge
tube containing the sample was placed in a thermostatic box oscillation
shaker set at 160 rpm and 25 °C for 12 h. Afterwards, samples were
passed through a 0.45 pm nylon membrane filter (Whatman 1004-055,
USA) and concentrations of MB in the filtrate were determined by UV
spectrophotometry (Ahmad, 2020) with detection at 665 nm wave-
length. For P adsorption, 0.01, 0.02, 0.04, 0.08, and 0.1 g of each
hydrochar was added to 40 mL of 20 mg L™! P solution. After sorption
with the same experimental conditions, concentrations of P in the
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Table 1
Bulk properties of raw distillers grains.
sample pH Moisture content (wt. %) Organic matter (wt. %) C (wt. %) O (wt. %) N (wt. %) Mg (wt. %) Al (wt. %)
Distillers grains 5.97 71.8 92.2 55.5 31.3 11.3 0.1 0.1

filtrates were determined by UV/Vis spectrophotometry (Murphy and
Riley, 1962) with detection at 882 nm wavelength.
Adsorption of each sorbate, Q (mg g~ ), was calculated as:

0=(Co—C)xV/m (€Y

and the removal efficiency R (%) as:

R = (Cy—C;)/Co x 100% (2)

where Cp and C; denote the initial and final sorbate concentrations (mg
L'l), respectively; V (L) represents the volume of the solution; and m is
the mass (g) of the sorbent.

2.5. Adsorption kinetics experiments

More detailed examinations of hydrochar adsorption were carried
out with 300 mL solutions of 100 mg L™ MB or P with 0.3 g of each
hydrochar in 500 mL polyethylene bottles. Using the experimental
conditions outlined above, concentrations of MB and P were determined
in filtered 10 mL solutions withdrawn after 1, 2, 4, 8, 12, 24, and 48 h
(triplicate samples for each time point).

The kinetics data obtained were modeled using pseudo-first order,
pseudo-second-order, and Elovich models (Egs. (3), (4), and (5),
respectively):

q, = q.(1 — exp™™) 3)
4 = Kag;t/ (1 + Kaq.1) Q)
g, =In(ept +1)/p (5)

where K; (h_l) and Kz (g mg_lh_l) are the pseudo-first order and
pseudo-second order sorption constants, respectively; a refers to the
initial sorption rate; f indicates the desorption constant; q; and g, (mg
g1 are the amount adsorbed at time t and at equilibrium, respectively.

2.6. Adsorption isotherm experiments

To construct sorption isotherms, solutions were prepared with initial
MB concentrations of 25, 50, 100, 150, 200 mg L! and initial P con-
centrations of 15, 30, 45, 60, 90, 120 mg L. About 0.3 g of each
hydrochar sorbent was mixed with 40 mL of MB or phosphate solutions
in 50 mL centrifuge tubes for 24 h (triplicate samples for each
concentration).

The experimental data was simulated using Langmuir, Freundlich,
and Langmuir-Freundlich adsorption models (Egs. (6), (7), and (8),
respectively):

qe = qmaxKLCe/(l + KLCe) (6)
q. = KeC" ™
qe = q:naxKSC:/(l + KSC:) (8)

where g, and C,, denote the amount adsorbed (mg g’l) and the sorbate
concentration (mg LDat equilibrium, respectively; K;, (L mg’l), Kr((mg
g’l) (L mg)l/ ™), and Kg (L mg’l) represent the Langmuir, Freundlich,
and Langmuir-Freundlich adsorption constants, respectively; gmax refers
to the maximum adsorption capacity; and n is the heterogeneity
coefficient.

3. Results and discussion
3.1. Hydrochar characterization

Studies suggest that the adsorption performance of biochar is closely
related to its surface structure (Dos Santos et al., 2019). The unmodified
hydrochar had a rough surface, and no apparent pore structure whereas
some layered structures appeared on the surface of hydrochars
carbonized with minerals (see supplementary material). The hydrochar
modified by vermiculite had a larger particle size and a smoother
lamellar structure. However, attapulgite-modified hydrochar had less
lamellar structure and a few non-uniform pores. These heterogeneous
layered clay structures can promote the adsorption of ionic pollutants as
suggested by previous studies (Bao et al., 2020; Shen et al., 2020).

Elemental analysis indicated that the low amounts of metal ions in
distillers grains were also present in its hydrochar (Table 2). The metal
content in hydrochar, such as Mg, Al, and Fe, was increased by its co-
carbonization with the clays, which is consistent with the results from
the EDX analysis (see supplementary material). The Mg content (and
other metals) increased with clay loading; by about 20 times from
pristine hydrochar to 5%-clay modified hydrochar for both vermiculite
and attapulgite, and by an additional 2 times from 5% to 15%-clay-
modified hydrochar for both vermiculite and attapulgite. However, after
HTC, a large amount of Mg(OH), was found in the modified hydrochars
which was not present in the raw clay minerals, likely due to trans-
formation of MgO to Mg(OH) at high temperature and pressure during
the hydrothermal process. According to the findings of previous studies,
both Mg(OH); and MgO particles loaded onto biochar have strong P
adsorption ability (Yao et al., 2013). This suggests that co-HTC of dis-
tillers grains with the two clays may improve the P adsorption of
hydrochars.

FT-IR was performed to examine the surface functional groups of the
hydrochar samples (see supplementary material). Generally, all hydro-
chars had a wide strong absorption peak at 3396 cm ™! corresponding to
the stretching vibration of hydroxyl groups (-OH) and physically sorbed
water. Other peaks, such as those at 2923 em 1, 2825cem Y, 1630 cm Y,
and 1398 cm™! (characteristics of C-H, C = O, and C = C stretching)
were also retained after HTC. After the addition of the clays during
carbonization, the characteristic peak at about 3396 cm ™! was signifi-
cantly weakened, likely due to the clay minerals inhibiting hydroxyl-
ation and improving the stability of biochar, which is consistent with
findings of previous research (Fan et al., 2020). With clay addition,
absorption peaks appeared at about 1090 cm ™' and 467 cm ™!, which
can be attributed to stretching vibration of the Si-O-Si bond and the Si-O
bond, respectively (Al. Haddabi et al., 2015). In the composite

Table 2

Bulk properties of pristine and distillers grains-derived hydrochars.
Content Hydrochar type

DGH DG-V5 DG-V15 DG-A5 DG-A15

C (wt. %) 72.1 60.3 55.9 67.8 63.6
O (wt. %) 25.1 29.2 33.2 26.1 27.4
Mg (wt. %) 0.1 2.4 4.5 2.1 3.4
Al (wt. %) 0.3 1.9 2.6 0.1 0.2
Si (wt. %) 11 1.9 3.8 2.8 3.9
P (wt. %) 0.1 0.1 0.1 0.2 0.2
Fe (wt. %) 0.1 0.8 1.9 0.1 0.2
Mg (mg kg 1) 597.9  11347.3  22757.5 117852  22630.3
Mg(OH)5(mg kg™ 1) 262.0 8765.9 17219.7 8432.5 16098.9
MgO (mg kg™ 1) 810.2 14347.4 25829.5 14987.7 26393.0
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hydrochar with attapulgite, C-O also appeared, probably because the
original attapulgite contains C-O (Pan et al., 2011). The formation of
oxygen-containing functional groups on the surface of clay mineral-
loaded hydrochar during the hydrothermal process may improve the
ability of hydrochar to adsorb contaminants.

XPS was used to characterize the bonding environments of major
elements in pristine and modified hydrochars. As illustrated in (see
supplementary material), C1s(285.8 eV) and O 1s (533. eV) were found
in all the hydrochar samples. The Cls spectrum of DGH (pristine
hydrochar) was split into three distinct peaks with binding energies of
284.8, 286.0, and 288.5 eV corresponding to C-C, C-O-C, and C-C = O,
respectively. With the addition of clay minerals, C 1s content decreased
and O 1s content increased. In addition, two new elements, Fe 2p (713.7
eV) and Mg 1s (1024.3 eV), appeared in the DG-V15% and DG-A15%.
The two Mg peaks of DG-V15 correspond to Mg metal (1302.3 ev) and
Mg oxide (1304.5 ev); while those of DG-A15 were Mg oxide (1304.5 ev)
and MgCO3 (1305.0 ev). The change of elemental ratios in the sample
indicates that clay minerals were successfully loaded onto the hydrochar
surface after the one-pot co-HTC.
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All hydrochars had a distinct XRD peak at 20 = 26.5° (see supple-
mentary material). After co-HTC with clays, the 26.5° peak became
larger, suggesting that co-carbonization with clay enhanced carboniza-
tion. Additional peaks at 21.8, 26.4, 36.4, 39.2, 42.2, 45.6, 49.9, 54.6,
59.8, 63.8 and 67.8° 20 also appeared, which can be attributed to SiO; in
clay minerals, as suggested by previous studies (Al. Haddabi et al., 2015;
Mu and Wang, 2015). For DG-V and DG-A, peak 1 (biotite, 20 = 26.52)
and peak 2 (quartz, 20 = 21.93) were generated in the XRD spectra,
suggesting that vermiculite and attapulgite were present in the granular
composite (Zhang et al., 2020; Zhu et al., 2020a). After the distillers
grains were co-carbonized with vermiculite, the XRD pattern exhibited a
crystal structure of MgyCs (XRD peak at 20 = 34.6°), indicating that C
and Mg in vermiculite may react to form crystalline Mg>Cs through HTC.
The crystal structure of Mg(OH), appeared clearly in all modified
hydrochars, further suggesting the transformation of MgO to Mg(OH),
during HTC.

I vermiculite [l Attapulgite [lll OGH [ ] DG-v5 [l DG-V15 [l DG-A5 Il DG-A15

—— Vermiculite —0— Attapulgite —*— DGH DG-V5 —¢—DG-V15 —4— DG-A5 —>— DG-A15
300 L) T 1 T L) | ;
" T
& 2 480 S
£ 2001 74 {70 &
—~— i =
= - . )
2 o o J60 2
g 150 I &
< g =
-8 450 S_‘
£ 100+ | 40 E
Z g
<« 30
501 4
20
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0.25 0.5
The dosage of adsorbent (g L)

Removal efficiency (%)

Fig. 1. Adsorbed amounts (vertical bars) and removal efficiency (lines) of (a) methylene blue and (b) phosphate from aqueous solution by sorbents of different

dosages of distillers grains-derived hydrochars.
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3.2. Hydrochar adsorption

The removal rate of MB increased rapidly with adsorbent dosage
until reaching a maximum sorption capacity of about 272 mg g ! at a
dosage of about 0.25 g DG-A15 in 100 mg L' MB solution (Fig. 1a). For
most of the tested dosages, the clay-modified hydrochars showed higher
MB removal efficiencies than that of either the pristine hydrochars or the
clay minerals alone (Fig. 1a). Sorption of MB by hydrochar modified by
vermiculite (as well as hydrochar modified with only 5% attapulgite)
was less than or not significantly different from that of the unmodified
hydrochar. Thus, the hydrochar modified by attapulgite showed greater
MB adsorption (68.0% with a 0.25 g L dosage) than that using
vermiculite, especially at lower sorbent dosages.

Co-carbonization with both clay types promoted the adsorption of P
by distillers grains-derived hydrochar (Fig. 1b), with the maximum
removal rates of 71.1% and 70.5% for hydrochar modified with 15%
vermiculite and 15% attapulgite, respectively. These two 15% clay
modifications increased P adsorption over both the unmodified hydro-
char (51.6% maximum) and the 5% clay-loaded forms of these hydro-
chars (61.6% and 62.3%, respectively). The strong P removal by the two
clay minerals was consistent with previous findings (Brigatti et al., 2005;
Zhu et al., 2020a). Even though attapulgite showed higher P adsorption
than vermiculite, the clay-loaded hydrochars (DG-V15 and DG-A15) had
similar P removal efficiencies under the test conditions. This indicates
that both clay minerals were equally good modifiers of the distillers
grains hydrochar for P removal. According to the XRD results (see
supplementary material), HTC changed the MgO in clay minerals into
Mg(OH), , which would enhance P adsorption by the clay-modified
distillers grains hydrochar. Besides, the increase in surface area and
the adsorption site likely increased with the increasing adsorbent
dosage, leading to greater sorbent removal rate.

Weight-normalized adsorption by DG-A15 was negatively dependent
upon the dosage when the solution volume and initial concentration
were constant. This suggests that adsorption sites were left vacant on
hydrochar and may overlap, reducing the effective contact area and
amount of pollutant adsorbed. When the dosage was increased from
0.25 to 1.0 to 10.0 g L'}, the adsorption capacity of MB decreased from
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272.2't0 97.9 to 10.0 mg g~ . Thus, DG-A15 at 1.0 g L' was selected for
optimal MB removal, considering the factors of adsorption capacity,
adsorption efficiency, and cost. The removal rate of phosphate did not
significantly change with the increasing addition amount. Therefore,
DG-A15 at 0.50 g L! was selected optimal P removal.

3.3. Adsorption kinetics

Adsorption of MB onto the attapulgite-modified hydrochars reached
equilibrium after about 12 h, after an initial 4 h period in which the MB
adsorption rate increased rapidly and then decreased (Fig. 2a). P
adsorption to the modified hydrochars occurred more rapidly than MB,
reaching equilibrium after about 10 h (Fig. 2b). After the initial fast
adsorption period, the hydrochar samples likely slowly removed MB or P
through internal diffusive adsorption within the pores after the external
surface adsorption sites were saturated (Ahmad, 2020). The MB and P
adsorption data were best fitted by the pseudo-second-order model
(compared to the pseudo-first-order and Elovich models) (Table 3),
suggesting that MB adsorption of distillers grains-derived hydrochar
may be controlled by multiple mechanisms (Ding et al., 2016; Fan et al.,
2016).

3.4. Adsorption isotherms

With regression coefficients > 0.91, the Freundlich model provided a
much better fit of MB adsorption isotherm data than the Langmuir
model, (Fig. 2c and Table 4), further suggesting that adsorption of MB
onto the hydrochars was controlled by multiple mechanisms. The very
low the Freundlich linearity parameters (about n = 0.2 for both sor-
bents) suggests high heterogeneity of binding sites on the adsorbents.
Using the Langmuir adsorption model, a maximum MB adsorption ca-
pacity of 203.1 and 340.3 mg g~ ! was calculated for DG-A5 and DG-A15,
respectively. These values are comparable or higher than that of many
other hydrochar sorbents reported in previous studies (Table S1, sup-
plementary materials).

The adsorption of P by the distillers grains-derived hydrochars was
best fitted by the Langmuir-Freundlich isotherm model, although the

100
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Fig. 2. Kinetic of hydrochar sorption of (a) methylene blue and (b) phosphate; and adsorption isotherms for distillers grains-derived hydrochar sorption of (c)

methylene blue and (d) phosphate.
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Table 3
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Best-fit model parameter values for adsorption kinetics of MB and P by distillers grains-derived hydrochars.

Sorbent Sorbate Pseudo-first-order kinetic model Pseudo-second-order kinetic model Elovich model
K Qe R? Ky Qe R? a B R?
/h7t /mgg ! /g mgth™! /mg-g~*
DG-V5 P 0.34 91.64 0.95 4.37E-3 101.93 0.95 134.45 0.06 0.83
DG-V15 P 0.29 93.07 0.95 3.69E-3 104.01 0.94 103.63 0.05 0.83
DG-A5 P 0.33 91.92 0.92 4.51E-3 101.68 0.95 152.39 0.06 0.87
MB 4.02 99.37 0.56 4.22E-1 99.79 0.94 - - -
DG-A15 P 0.46 91.05 0.90 6.97E-3 98.89 0.95 431.13 0.07 0.86
MB 4.58 99.94 0.80 7.10E-1 100.19 0.85 - - -
Table 4
Best-fit parameter values for adsorption isotherms of MB and P by distillers grains-derived hydrochars.
Sorbent Sorbate Langmuir adsorption model Freundlich adsorption model Langmuir-Freundlich adsorption model
Ky, Gmax R? Kp n R? Ks Qmax n R?
/Lmg™! /mgg~! /(mg g™ (L mg)"/" /Lmg™! /mg-g”!
DG-V5 P 0.007 602.34 0.60 93.69 —3.34E4 0.91 1.31E-7 93.34 6.75 0.92
DG-V15 P 0.003 1276.82 0.58 96.39 —1.24E4 0.83 5.47E-8 94.33 6.83 0.85
DG-A5 P 0.041 156.52 0.49 89.51 —1.73E5 0.93 4.79E-9 88.98 8.82 0.97
MB 0.373 203.05 0.74 85.97 1.89E-1 0.92 - - - -
DG-A15 P 0.024 270.97 0.56 97.42 —4.81E4 0.92 5.97E-8 96.91 8.05 0.93
MB 0.863 340.28 0.79 148.39 2.01E-1 0.95 - - - -

Freundlich fits were only slightly lower (Fig. 2d and Table 4). This also
indicates that P adsorption on the hydrochar samples were controlled by
multiple mechanisms. The average maximum P adsorption capacity was
above 89 mg g™ ! for all the hydrochars tested, but was the greatest for
DG-A15 (97 mg g~ 1). These P sorption capacities are also comparable or
higher than that of the many other hydrochar sorbents in the literature
(see Table S1 Supplementary material).

3.5. Adsorption mechanism

The adsorption of pollutants by distillers grains-derived hydrochars
is a complex process, and the adsorption mechanism of different pol-
lutants may vary (Fig. 3). The mechanism of adsorption of MB by
hydrochars may involve electrostatic attraction, cation exchange, sur-
face complexation, and physical adsorption. FTIR analysis showed that
distillers grains-derived hydrochars were rich in diverse functional
groups, which can adsorb MB through the electrostatic attraction, cation

Van der Waals
forces

Attapulgite l l /

HO- |
H-0-C=0

‘ Phosphate

. Methylene Blue

exchange, and surface complexation mechanisms (Saha et al., 2020).
The modified hydrochars showed higher MB adsorption capacities than
the pristine hydrochar. This could be attributed to the loading of clay
minerals on the hydrochar surface, enhancing the electrostatic attrac-
tion, cation exchange, and complexation of MB. XPS results showed that,
after adsorbing MB, the C and O contents on the surface of modified
hydrochars (DG-V15% and DG-A15%) increased, while the Fe and Mg
contents decreased (see supplementary material). This confirms the
importance of electrostatic attraction or ion exchange and complexation
mechanisms, as some of the Fe and Mg minerals/ions on the sample
surface were covered or replaced by MB. The adsorption kinetics and
isotherms of the hydrochars to MB were best simulated by the pseudo-
second-order kinetic and the Freundlich models, respectively, confirm-
ing that the adsorption of MB on the modified hydrochar could be
controlled by multiple processes involving electrostatic attraction, ion
exchange, complexation, and surface deposition.

Several studies have demonstrated that Mg and Fe minerals on

o
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Fig. 3. Schematic of proposed distillers grains-derived clay-modified hydrochar sorption mechanisms.
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biochar surface are the main adsorption sites for P (De Carvalho Eufrasio
Pinto et al., 2019; Yin et al., 2017). In this study, there was also a strong
correlation between the clay mineral amounts in hydrochar and the P
adsorption amounts. In addition, the XRD spectra of the P-loaded
hydrochars (DG-V-P and DG-A-P) showed stronger signals than that of
the pristine ones (see supplementary material), suggesting the impor-
tance of the loaded clay minerals to P adsorption. In the XPS spectra (see
supplementary material) There was no P on the surface of the samples
before adsorption. After adsorption, however, P appeared on the sample
surface and the XPS characteristic peaks of Fe 2p and Mg 1s shifted,
indicating the Mg and Fe minerals on the modified hydrochar surface
played important roles in P adsorption. Based on findings of previous
studies (Yao et al. 2013; Zheng et al. 2020), adsorption of P on the Mg/
Fe minerals on the modified hydrochar surface could be mainly
controlled by the electrostatic attraction and surface complexation
mechanisms. The modeling results of P adsorption kinetics and iso-
therms of the hydrochars also confirm the involvement of multiple
mechanisms.

3.6. Implications

A simple cost-benefit analysis was conducted to determine the
feasibility of commercialization of the distillers grains-derived clay-
modified hydrochars in China. Table 5 summarizes the components of
the analysis. The calculated production cost of clay-modified hydrochar
is about 200¥%/ton, much lower than the current average market value of
commercial hydrochar/biochar (5000¥%/ton, Table 5). This result shows
the strong techno-economic feasibility of the commercialization of the
modified hydrochar from co-HTC of distillers grains and clay minerals.
Furthermore, if the modified hydrochars are used to adsorb P from
water, the spent hydrochar can be applied as a fertilizer to soils (Yao
et al. 2013, Zheng et al. 2019), which would add further economic and
environmental benefits in terms of carbon sequestration and nutrient
and water retention (Table 5). All these indicate that the novel one-pot
production of clay-modified hydrochar from distillers grains is a prom-
ising and sustainable technique that is suitable for industrial-scale
development in the future. Further investigations thus are needed to
promote the commercialization of this technology and to overcome the
scale-up challenges such as optimizing the production conditions,
reducing operation costs and emissions, and unifying product quality.

4. Conclusions

Findings of this study show that one-pot co-HTC of distillers grains
with clay minerals produces value-added hydrochar with excellent
ability to sorb MB and P in aqueous solution. Among the hydrochar
samples, maximum MB and P adsorption capacities of 340.3 and 97.4
mg g™, respectively, was achieved with distillers grains carbonized with
15% attapulgite (DG-A15). Characterization and modeling results sug-
gested that multiple mechanisms controlled the adsorption of MB and P
on the hydrochar samples. Cost-benefit analysis revealed the strong
economic feasibility of industrial commercialization of clay-modified
hydrochar from distillers grains as a sustainable and high efficiency
sorbent for environmental applications.
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Table 5
Cost-benefit analysisfor commercialization of distillers grains-derived modified
hydrochar use (for P versus as a fertilizer) in China.

Item/operation

Cost/Benefit Parameter

Note

Industrial HTC reactor
capital cost
Reactor life span

Labor cost per batch

Transportation cost per
carriage

Average number of
batches a day

Water consumption per
batch

Cost of clay minerals per
batch

30000-40000 ¥
10 years
20-30 ¥ per hour

200-300 ¥

10 ton per ton

2¥kg™! and 50 ¥ kg™
(vermiculite and

Including the delivery

According to the
manufacturer

Salary of a reactor
operator

Loading and transport of
the raw materials by
truck

According to the
manufacturer
Calculated from
literature

Average market price

attapulgite)
Electric energy 123 kWh Per ton
consumption

Tones of CO, sequestrated 3

According to the
manufacturer

Based on (Lucian and
Fiori, 2017)

Hydrochar price 5000 ¥ ton Average market price of
hydrochar
Maximum P adsorption 96.9 mg-g ! This study
capacity
Economic benefit of P- 40 ¥ha! Based on (Yao et al.,
loaded hydrochar as a 2013)
fertilizer

Note: Costs in yuan (¥)
& editing.
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