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Abstract—Hydrochar was produced from hydrothermal treatment of corn straw black liquor. Response surface meth-
odology (RSM) and the central composite design (CCD) were employed for determination of optimal char with maxi-
mum Pb** removal capacity. The operational parameters such as hydrothermal temperature (°C), duration (min) and
solid liquid ratio (LSR) were chosen as independent variables in CCD. The statistical analysis indicates that the effects
of hydrothermal temperature, duration, LSR and combined effect of hydrothermal temperature and duration are all sig-
nificant for the Pb** removal capacity. The optimal condition for achieving the maximum Pb** adsorption capacity is
obtained as the following: hydrothermal temperature (205 °C), duration (28 min), LSR (12) with P ** removal capacity
reaching 47 mg/g. The BET specific surface area of char prepared at optimal conditions could reach 85 m%/g.
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INTRODUCTION

Heavy metals contamination in drinking water poses one of
major potential threats to the environment [1,2]. Cost-effective re-
moval of heavy metals such as lead [3], chromium [4,5], and cad-
mium [6] from aqueous solution has attracted much attention due
to more and more stringent environmental regulations [7-10].
Among current available technologies, separation technology by
adsorption such as using porous carbonaceous adsorbents [11,12]
is one of the best candidates for heavy metal removal from water
solution due to its availability on large scale, cost-effectiveness and
technical reliability [13-15]. For adsorption technology, preparation
of adsorbents in a cost-effective and economical manner is pivotal
to the process optimization and reactor sizing [16,17]. Broadly speak-
ing, the thermal pyrolysis and hydrothermal approaches are the
most widely adopted approaches for preparation of porous carbo-
naceous adsorbents [18-20]. Due to advantages of insensitivity to
toxic or inhibiting substances, directly treating wet organic sub-
strates, flexible application of solid fraction, and relatively less envi-
ronmental impact [21,22], hydrothermal carbonization has drawn
continuous attention in processing wet organic substances. In our
recent works, we developed an improved system for cost-effective
and less energy-intensive approach for preparation of hydrochar from
non-wood black liquor [23]. It was found that the separation pro-
cess was efficiently intensified [24], which significantly reduces
demand of evaporation and downstream wastewater treatment.
Optimization of the hydrochar preparation from corn stover BL
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using this CO, assisted hydrothermal carbonization, to the best of
our knowledge, has never been published before. In this work, cen-
tral composite design (CCD) statistical analysis was also employed
to optimize the Pb** removal performance of the prepared char;
the effects of hydrothermal temperature, reaction duration and lig-
uid solid ratio (LSR) upon resultant char for lead removal using
response surface methodology (RSM), the equilibrium and kinetic
adsorption by resultant char prepared from optimal condition were
closely investigated.

EXPERIMENTAL SECTION

1. Preparation of Char

The moisture content of black liquor (BL) was evaporated to
approximately 50% (weight basis). The elementary analysis of BL
is shown in Table 1, and carbon content is relatively higher than
other elements, indicating its good property for being used as car-
bonaceous precursor. The char was prepared by the following pro-
cedure: wet BL was dissolved into the deionized water with dif-
ferent LSR and then was hydrothermally treated at different tem-
peratures with different durations. During hydrothermal reaction,
the flue gas (CO,) pressure was adjusted to be higher than the steam

Table 1. Elemental composition of BL

Element Content (wt%)
C 46
H 54
N 0.6
O (Estimated by difference) 48
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Fig. 1. Simplified schematic diagram of reaction system, where.
1. BL slurry tank 6. Reactor
2. Dilution tank 7. Heating jacket
3. Pressure gauge 8. Back pressure needle valve
4. CO, regulator 9. Sample cylinder
5. Pressure release valve

pressure with maximum 1 bar difference so that flue gas could be
pressurized into the reactor to accelerate hydrothermal precipita-
tion. The detailed experimental setup is in Fig. 1. The denotation of
char carbonized at different temperature, duration and LSR is set
as the following patterns: C-p1-p2-p3, where p1 represents param-
eter of hydrothermal temperature, p2 represents parameter of hydro-
thermal, p3 represents the parameter of LSR. For example, the sample
C-205-28-12 represents sample being prepared with BL being car-
bonized at 205 °C for 28 minutes with LSR being at 12 in reactor.
2. Equilibrium and Kinetic Adsorption of Pb**

The simulated Pb** solution was prepared by dissolving Pb** in
water. The Pb** concentration was determined by ICP-OES (Per-
kin-Elmer Optimal DV7300) by standard sample preparation and
calibration methodology [25,26]. The dosage of adsorbent was var-
ied from 0.01 to 0.08 g in a 250 ml glass flask. In preliminary study;
we found that a dosage over 0.5 g/L would be reaching an equilib-
rium between metal ions and active surface site of the char. The
standard Pb** solution of 50 ml with concentration varying from
10 to 100 ppm was added to the 250 ml glass flask dosed with the
hydrochar to perform batch adsorption test. Form preliminary tests,
the maximum adsorption performance will be around pH 8, so
the pH value was pre-adjusted to be around 8 prior adsorption tests
to maintain good performance for heavy metal adsorption. The
isotherm was conducted at different temperature with 1 hour for
reaching equilibrium by initial concentration varying from 10 to
100 mg/L. In this work, pH was adjusted by HNO; and NH,OH.

The amount of adsorption at time t, q, (mg/g), was expressed in
the following:

_(C=CYV

q: W (1

For adsorption isotherm, the adsorbed Pb** at equilibrium q, (mg/
g) can be calculated as the following:

_(G-ChV

q W 2

For kinetic analysis of the uptake of Pb** by char, the widely used
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pseudo-first-order and pseudo-second-order equations [27] were
employed as follows:

1k 1 6
qt qe t qe

t 1 t

S= @
% kgl 9

For equilibrium isotherm [28,29], the Langmuir and Freundlich
equations were employed as follows:

11 1
9e (KLqm)Ce 9

logq,=logK;+logC, (6)

Q)

After the isotherms were obtained, the thermodynamic parame-
ters were calculated using the following equations [30,31]:

AS AH
In k,= R _RT ™)
AG=AH-TAS ®)

In Eq. (7), by applying different equilibrium constants against its
corresponding temperatures (298, 308, 318 K), the standard entropy
AS and standard enthalpy AH can be obtained. By combining re-
sults of Eq. (7) into Eq. (8) together with the variation of tempera-
ture (298, 308, 318 K), we obtained the standard Gibbs free energy
at different temperatures. The one-set of standard entropy AS and
standard enthalpy AH within (298-318 K) range and standard en-
tropy AG at each different temperatures are shown in Table 7.

3. Characterization of Hydrochar

The specific surface area and pore size distribution of char were
determined by nitrogen gas adsorption at 77 K with saturation
pressure being set at 106.65 kPa using Micromeritics ASAP 2020
automated gas sorption system. The char samples were degassed
(10"° Torr) overnight at 350 °C. The specific surface area was esti-
mated using the Brunauer-Emmett-Teller (BET) approach [32]
within the range of relative pressures from 0.05 to 0.3. The pore
size distribution was analyzed by density functional theory (DFT)
approach.

FT-IR Analysis: The (Tensor-27) infrared spectrometer was em-
ployed for characterization AC. Sample was prepared by mixing
the 1 mg AC with 0.4 g of KBr in an agate.

SEM morphology: Surface morphology was examined using a
JSM-7001F+INCA X-MAX Field emission electron microscope.

Elemental analysis: the chromatography method was employed
to analyze sample by Flash EA 1112 (Thermo Scientific).

4. Experimental Design and Statistical Analysis

A central composite design (CCD) [33,34] with three indepen-
dent variables was used to study the response pattern and to deter-
mine the optimum combination of hydrothermal temperature, hy-
drothermal duration, LSR to maximize Pb** removal. The design
with three independent variables at five different levels (total 20
runs) was adopted to find offset, linear, quadratic and interaction
terms using the following equation [35]:

2

3 3 3
Y=bo+YbX+YbXi+ Y bXX; ©
=1 i=1

i<j, j=2
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Table 2. Range and levels of independent process variables used for
CDD (central composite design)

Table 4. ANOVA analysis for Pb”* removal with * 0.93, Adjust ¥
0.92, Predicted r* 0.92, adequate precision 13

Independent variables Symbols -f -1 0 1 p

Temperature/°C X, 190 195 200 205 210
Duration/min X, 20 25 30 35 40
LSR/- X, 6 8 10 12 14

Table 3. Three factors CCD with experimental results of dependent

variables
Runs Code values Experimental results mg/g
X, X, X,
1 200 30 6 40
2 195 25 12 24
3 200 30 10 43
4 195 35 8 38
5 205 35 8 33
6 200 20 10 39
7 200 40 10 37
8 195 35 12 34
9 205 25 12 42
10 210 30 10 41
11 205 35 12 38
12 195 25 8 26
13 205 25 8 40
14 200 30 14 44
15 190 30 10 18
16 200 30 10 40
17 200 30 10 43
18 200 30 6 40
19 200 30 10 43
20 200 30 10 44

The range and levels of variables optimized are shown in Table 2.
The statistical significance of regression terms was checked by anal-
ysis of variance, ANOVA.

RESULTS AND DISCUSSION

1. Statistical Analysis and Optimization of Preparation Con-
ditions

The experimental results associated with interaction between
each independent variable are shown in Table 3. The Pb** removal
capacity was found to be between 18 to 44 mg/g, respectively. Table
4 gives the ANOVA results for respective responses. The higher
Fischer’s ‘F-statistics value and lower ‘P value (probability) indicate
the high significance of the regression model [36,37]. It is found that
the terms X;, X,X,, X}, X5 are quite significant, while other terms
have less significance for response. By applying multiple regression
analysis to the experimental data, the following second degree poly-
nomial is derived to represent relationship between Pb** removal
and three independent process variables (hydrothermal tempera-
ture, hydrothermal duration, LSR) as the following;

Sum of  Mean

Source DF F-value  Prob>F
squares  square

Model 9 867.59 96.39 9.84 0.0007

X, 1 367.98 367.98 37.57 0.0001

X, 1 3.04 3.04 0.31 0.5896

X5 1.00 6.10 6.10 0.62 0.4482

XX, 1.00 141.20 141.20 14.42 0.0035

X, X5 1.00 18.15 18.15 1.85 0.2033

XX, 1.00 0.45 0.45 0.05 0.8341

X 1.00  307.18  307.18 31.37 0.0002

X? 1.00 50.47 50.47 5.15 0.0466

X; 1.00 3.06 3.06 0.31 0.5884

Residue 10.00 97.92 9.79

Lack of fit 5.00 89.56 1791 10.71 0.0105

Pure error 5.00 8.36 1.67

Cor total 19.00  965.52

Y=41.8+9.59X,+0.87X,+1.14X,— 16.8X,X,+6.02X,X,

+0.95X,X,— 144X~ 5.83X2— 1.29X2 (10)

The Pb* removal was evaluated in terms of removal capacity
through 3-D plots of responses as a function of two factors while
keeping the third parameter at the optimal condition (Fig. 2). The
response patterns of combination effect of different process param-
eters to Pb** removal present a slightly different trend, especially in
the combination effect of X, X,. In Fig. 2(a), the combined effect of
hydrothermal temperature and duration enhances Pb** removal
capacity of the resultant hydrochar. However, the combination of
too high hydrothermal temperature and long hydrothermal dura-
tion will lead to a decrease of the Pb** removal capacity. At low level
of hydrothermal temperature and duration, the increased hydro-
thermal temperature and duration will facilitate the carbonization
and aggregation of the char, which increases the chance of creat-
ing external surface among the aggregated char particles. This could
explain the slight increase of specific surface area of hydrochar and
subsequent increase of Pb** removal amount. On the other hand,
a too high level of hydrothermal temperature and duration will
lead to a further gasification of the char under the harsh condi-
tions and collapse of the formed external surfaces, which will result
in a loss of surface functional groups that have strong affinity to
the Pb** ion and drop of specific surface area. These all contribute
to the decrease of Pb** removal capacity. In terms of response pat-
terns of the combination effects of X, X; and X,X; in Fig. 1(b) and
1(c), response surface plots show a maximum region, which the
removal of Pb** neither increases nor decreases, which indicates
the existence of the optimal condition for maximizing the Pb** re-
moval. Among these combined effects, only the combined effect of
X, X, (P=0.0035) is found to be significant to the response pattern
[38]. The standard square r* for the quadratic model is 0.93, which
indicates over 93% of the variation in the response could be ex-
plained by the model. The obtained adjusted r* was close to the
experimental 1* and predicted r’, indicating a good agreement be-
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Fig. 2. Three-dimensional response surface for P ** removal (a) hydrothermal temperature versus duration; (b) hydrothermal temperature

versus LSR; (c) hydrothermal duration versus LSR.

tween experimental data and predicted values. The value of ‘ade-
quate precision’ was 13.1, indicating an adequate signal.

Then the maximum Pb* removal capacity was set for optimi-
zation goal and 26 solutions were found. Out of them, the best
condition selected was C-205-28-12, which represents that the sam-
ple was prepared with BL being carbonized at 205 °C for 28 min
with LSR being at 12. The Pb** removal capacity predicted from
the model could reach 45 mg/g. An experiment was also conducted
to further validate the model prediction using equilibrium adsorp-
tion test, and the Pb** removal capacity of C-205-28-12 prepared at
the optimal condition could reach 47 mg/g, indicating a 44% experi-
mental deviation.

2. Effect of Hydrothermal Temperature and Char Characteri-
zation

Among those three independent parameters, the hydrothermal
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temperature was found to be the most significant (in form of sin-
gle and combination effect) to the Pb** removal capacity. In this
work, further investigations of the effects of hydrothermal tem-
perature upon development of porosity of resultant hydrochar (keep-
ing other process parameters at the optimal condition X,=28 min
and X;=12) were conducted. The effect of hydrothermal tempera-
ture upon the BET specific surface area of hydrochar and their
corresponding N, adsorption isotherms is shown in Fig. 3. The re-
sult indicates that the hydrothermal temperature increases the sur-
face area when the activation temperature exceeds 190 °C, at which
stage the specific surface area of C-205-28-12 reaches 85 m’/g, while
the BL without carbonization only presents a less than 10 m*/g. In
terms of nitrogen adsorption isotherms, the N, uptake of isotherms
tends to take place at the entire pressure range, indicating the hy-
drothermal carbonization facilitates the creation of the external sur-
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Fig. 3. Specific surface area as a function of activation temperature

and N, adsorption isotherm of different chars with keeping
duration and LSR as optimal conditions.
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Fig. 4. DFT pore size distribution of prepared C-205 with keeping
duration and LSR as optimal conditions.

face among the aggregated precipitated char. This leads to a slight
increase of BET specific surface area. As hydrothermal tempera-
ture further increases being over 205 °C, a decrease of BET specific
surface area of the resultant char is observed, indicating the harsh
conditions destroy the created external surface among the aggre-
gated chars. The DFT pore size distribution of C-205-28-12 is shown
in Fig. 4. The prepared hydrochar possess a relatively wide pore
size distribution that covers both micropore and mesopore region.
The SEM morphology of BL and C-205-28-12 is shown in Fig. 5.
Clearly, BL without hydrothermal treatment presents a completely
different morphology to the hydrochar. SEM image of BL (Fig. 5(a))
shows the presence of lignocellulosic tissues and alkali crystals.
The image from hydrochar (Fig. 5(b)) shows aggregated spherical
microparticles, which come from decomposition of cellulose, hemi-
cellulose and lignin compounds during hydrothermal carboniza-
tion. The aggregation of these microparticles will create external
surface among these spherical particles; this result agrees with spe-
cific surface characterization. The FT-IR spectra of BL and C-205-
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Fig. 5. FT-IR spectra of BL and C205-28-12.

Fig. 6. SEM morphology of BL and C205-28-12.

28-12 are shown in Fig 6. Before carbonization, the spectra of BL
present characteristic bands of p-coumaryl, coniferyl, and sinapyl
phenolic units, which center at 1,600, 1,510, 1,420 and 835 cm’),
respectively [39]. When BL was carbonized, the intensity of those
bands significantly decreased and even disappeared, indicating the
intensive decomposition of phenolic compounds in BL matrix
during carbonization. The band centered at 3,420 cm ™" is the char-
acteristic band of OH group, indicating the adsorption of mois-
ture [40]. When BL was carbonized, the intensity of this band also
experienced a significant drop. The characteristic adsorption peaks
of the valence vibration of CH groups [41] which center at 2,930,
2,849 and 1,120cm™, the C-O stretching vibrations of carbonyl
groups of which center at 1,130 cm™’, and the C-O stretching of
carbohydrate substance [42] of which the band centers at 1,050 cm™"
representing, all experience an significant decrease during activa-
tion, indicating the carbonization involving a complicated process,
which includes dehydration, decomposition of aromatic compounds
such as lignin and carbohydrates derived from cellulose and hemi-
cellulose. It is also interesting that the intensity of the band, which
represents the off-plane vibration of C=0 groups [43] (band cen-
ters at 1,400 cm™') and valence vibration of C-O [44] (centers at
1,600 cm™") still remains quite obvious, indicating the existence of
oxidative functional groups on the prepared hydrochar, and these
remaining of surface functional groups will be beneficial for metal

Korean J. Chem. Eng.(Vol. 33, No. 9)
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Fig, 7. Kinetics (a) and equilibrium (b) of C205-28-12 for Pb™" ad-
sorption.

Table 5. Kinetic constants of BL-850-2.1-38 using pseudo-first-
order kinetics and pseudo-second-order kinetics

k qe
Model q.,/mg-g W okg
Pseudo-first-order kinetics 8.5 1.2 91 090

Pseudo-second-order kinetics 8.5 009 87 099

ion adsorption.
3. Kinetic and Equilibrium Adsorption of Pb**

In this work, the adsorption kinetics is shown in Fig. 7(a). The
corresponding kinetic constants are shown in Table 5. The pseudo-
first-order and pseudo-second-order kinetics were employed to ana-
lyze kinetic adsorption. From r* value, the pseudo-second-order
yields a better fit than the pseudo-first-order model. It indicates
that the chemical bonding between divalent metal ions and polar
functional groups on surface of the adsorbent plays a dominant
role in determining the rate determining step [45].

The equilibrium isotherm and modeling constants of using Lang-
muir and Freundlich model are shown in Fig. 7(b) and Table 6.
The Langmuir model presents a better fit than the Freundlich model
for the isotherm curve modeling, and the corresponding calcu-
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Table 6. Langmuir and Freundlich model constants for Pb™ on

C205-28-12
Langmuir Temperature/ K, L Qn 2
K L-mg mg-g
298 0.47 45 0.95
308 0.32 53 0.97
318 0.24 60 091
Freundlich nLmg' Kymgg

298 4 16.1 0.94
308 4.1 189 0.93
318 4.1 24.5 0.90

1.5 r'=0.99

11.0 |

L [ ]
10.5 +
10.0 |-
"
£ 95 — -

9.0

85

8.0F n

7.5 : : :

0.0031 0.0032 0.0033 0.0034

'K

Fig. 8. Estimation of Gibbs standard free energy, enthalpy and en-
tropy for removal of Pb** on C205-28-12.

Table 7. Thermodynamic constants for Pb>* on C205-28-12

Temperature/ AG AH AS
K IJ-mol™ KkJ-mol™ IJ-mol™
298 -1.8 10 42
308 -2.2
318 -24

lated maximum monolayer loading of Pb** on adsorbent (g,,) could
reach 45 mg/g. The estimation of Gibbs standard free energy, en-
thalpy and entropy were conducted and results are shown in Fig. 8
and Table 7. The negative value of Gibbs free energy indicates the
spontaneous driving force of adsorption. The positive value of
enthalpy indicates an endothermic process. Because of this ther-
modynamic property, the increased temperature creates a thermo-
dynamically favorable condition for Pb** adsorption.

In Table 8, the Pb** adsorption capacity among different litera-
ture reports by different prepared adsorbents is compared. It is inter-
esting that the Pb** adsorption capacity does not follow the order
of porosity of the prepared adsorbent. This indicates that the ad-
sorption of Pb** on the surface of adsorbent is more than a simple
pore filling process; instead, much more complicated processes
occur during adsorption. In terms of samples material, the Pb**
adsorption capacity follows the order of Resin>Aginated-biochar>



Hydrochar preparation from black liquor by CO, assisted hydrothermal treatment 2709

Table 8. Comparison of Pb** adsorption capacity of different adsor-
bents prepared from different precursors and approaches

SSA Adsorption

Sample mg Approach capacity mgg”’ Reference
Organic waste 5 Hydro 6.8 [46]
Rice husk - Hydro 4.5 [47]
P. africana shell 10 Hydro 45 [48]
ZSM-5 zeolite 690 Hydro 120 [49]
Resin - Hydro 395 [50]
Charcoal 50 Pyrolysis 1.5 [51]
Char 23 Pyrolysis 1 (52]
Fly ash 20 Pyrolysis 2 (53]
Activated carbon 1322 Pyrolysis 435 [54]
Biochar-aginated 314 Pyrolysis 263 [55]
C-205-28-12 85 Hydro 47 This work

ZSM-5 zeolite>hydrochar (black liquor)>hydrochar (africana shell)>
char (organic waste sulfonated)>fly ash>charcoal. Clearly; the intro-
duction and modification of surface functional groups will enhance
electrostatic interaction between the Pb** ion and surface of adsor-
bent. This could explain why the ion exchange resin and aginated
biochar possess superior performance in Pb** removal than other
adsorbents. The hydrochar prepared by the hydrothermal process
also being rich with surface functional groups, which is confirmed
from FTIR characterization in this work, is found to perform well
in removal of metal ions as well. Considering the advantages of less
environmental impact and direct processing wet organic precur-
sor, the proposed process in this work is promising for large scale
utilization of non-wood black liquor with relatively less environ-
mental impact.

CONCLUSIONS

Hydrochar was produced from CO, assisted hydrothermal treat-
ment from corn stover black liquor. The optimal condition was
determined by using RSM with the operational parameters set as
the following; activation temperature (205 °C), duration (28 mins),
LSR (12) with Pb** removal capacity reaching 47 mg/g. The com-
bination of hydrothermal temperature and duration was found to
be significant to the response. The BET specific surface area of the
hydrochar produced at optimal conditions could reach 85m’/g
with the combination of micropores and mesopores. FTIR result
indicates the presence of oxidative surface functional groups on
the resultant hydrochar. The kinetic adsorption indicates a fast
uptake of Pb**. The prepared hydrochar shows a comparable Pb**
removal capacity at ambient temperature.
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NOMENCLATURE

b, :intercept coefficient

b, :linear coefficient

b;  :quadratic coefficient

C, :initial concentration [mgL "]

C. :equilibrium concentration [mg L]

C, :concentration at time of t [mgL ']

AG  :Gibbs free energy [k] mol ']

AH  :adsorption enthalpy [k] mol ]

k,  :kinetic constants [-]

Ky  :Freundlich constants [Lmg ']

K, :Langmuir constants [Lmg ']

Q. :equilibrium absorbed concentration [g kg ']
: Langmuir monolayer saturation adsorption amount [g kg ']
: absorbed concentration at time t g kg ']

: pressure gases constant [0.00831 k] mol 'K']
:adsorption entropy [kJ mol ']

: time [s]

: temperature [K]

: volume of phenol solution [L]

:mass of adsorbent [kg]

: independent variables [-]

: predicted response [%]

ANOVA : analysis of variance

CCD : central composite design

RSM : response surface methodology

LSR  :liquid solid ratio [-]

XS <HTp oo
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