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to remove heavy metals (Hao et al.,, 2017; Guo et al., 2017).
However, the large-scale application of these adsorbents has
been highly restricted by high manufacturing cost, resulting in
an urgent need for the development of new, alternative and
economical adsorbents (Liang et al., 2017; Gwenzi et al., 2017).
Biochar, a value-added product, refers to pyrogenic carbo-
naceous residues derived from the thermochemical decom-
position of carbohydrate-rich biomass in a limited oxygen or
anoxic environment (Zama et al., 2017; Yang et al., 2017). The
original purpose for producing biochar was to alleviate global
warming through sequestering carbon from the atmosphere
into soil (Agegnehu et al., 2016; Woolf et al., 2010). Recent
studies suggest that biochar can be considered as one of the
most promising, emerging and cheap sorbents for environ-
mental remediation, especially heavy metal-contaminated
water (Petrovic et al., 2016; Kim et al., 2014; Khorram et al.,
2016; Wang et al., 2017a, 2017b, 2017c). Theoretically, all
carbon-rich materials, including plant residues, agricultural
wastes, animal litters and solid wastes, can be used to
produce biochars via slow pyrolysis, fast pyrolysis, flash
pyrolysis, vacuum pyrolysis, intermediate pyrolysis or
hydropyrolysis (Manya, 2012). Currently, more and more
research attention has been focused on producing biochar by
hydrothermal carbonization (HTC) (Wang et al., 2017a, 2017b,
2017c; Liu and Balasubramanian, 2014; Wiedner et al., 2013).
HTC, also called wet pyrolysis, has been regarded as a highly
feasible, simple, low energy consumption and facile tech-
nique to transform various types of natural raw biomass into
biochar (Reza et al., 2013). HTC is commonly performed by
simulating the natural coalification process, with subcritical
water as the reaction medium at moderate temperatures of
180..300°C and saturated pressure (Eyser et al., 2015; Chen et
al., 2017). Thus, HTC is a mild route and
the preparation of biochars in contrast to other pyrolysis
methods, from the viewpoint of mitigating the emission of
greenhouse gases and the formation of tars. Additionally,
biochars with more oxygen functional groups, including
carboxyl, phenolic and lactonic groups, can be fabricated by
the HTC method compared to other pyrolysis processes.
Nevertheless, it has been reported that the effective and
straightforward application of HTC biochars for the treatment
of contaminated water is greatly limited due to their poorly
developed porosity and low content of surface functional
groups. In order to improve the practical adsorption perfor-
mance of biochars towards pollutants, several techniques,
including steam activation, heat treatment, oxidation and
grafting, have been explored to enhance the chemical reactivity
and physical properties of the biochars (Liu et al., 2017; Wang et
al., 2016; Yang et al., 2017; Wang et al., 2017a, 2017b, 2017c). For
example, ammonium citrate was used to modify marine
biomass-based biochar with amino and carboxyl groups.
Wang et al. (2016) reported that the modified biochar exhibited
outstanding sorption capability (362.32 mg/g) compared to the
pristine biochar (170.36 mg/g) for La(lll) removal. Yang et al.
(2017) prepared nitrogen-functionalized biochars from wheat
straw via a molten salt strategy, and the resultant biochar
exhibited good adsorption performance toward atrazine. Wang
etal. (2017a, 2017b, 2017c) found that the adsorption capacity of
pristine sawdust biochar towards p-nitrophenol and Pb(ll) was
improved by iron and zinc doping. Furthermore, they found that

green Z process for

the affinity between oxygen-containing hydrophilic sites and
pollutants was the predominant removal mechanism. Gener-
ally, it can be found that these modification routes inevitably
require a post-treatment process, which is time-consuming and
energy-wasting.

Hence, in the present study, surface-modified biochar was
produced for the first time from a sustainable prolifera-green-
tide source through hydrothermal carbonization using ammo-
nium phosphate, thiocarbamide, ammonium chloride and urea
as activity-enhancing additives. One of the positive aspects of
this study is that a facile one-step route was developed to solve
the above-mentioned issues. Namely, the post-treatment
process was abandoned. To the best of our knowledge, research
on this aspect has not been reported. Additionally, the
influences of operational parameters (additive species, impreg-
nation ratio, reaction time and temperature) on the physico-
chemical properties and adsorption capability of the modified
biochars were assessed. The modified biochars were character-
ized by nitrogen adsorption .desorption, Fourier transform
infrared (FT-IR), energy dispersive X-ray spectroscopy (EDX)
and Scanning Electron Microscopy (SEM). Adsorption isotherm
experiments were conducted to examine and compare the
adsorption properties of the pristine and modified biochars
using copper ions as a model adsorbate.

1. Experimental
1.1. Chemicals and materials

Enteromorpha prolifera (EP) was gathered from the coast in
Qingdao, Shandong Province. All the chemical reagents were
of analytical grade, and deionized water was used during the
whole experiment.

1.2. Hydrothermal carbonization of EP for the preparation of
biochar

Ammonium phosphate, ammonium chloride, urea or thiourea
was mixed with 20 g EP. In a typical experiment, different masses

of ammonium phosphate were mixed with 20 g EP at mass ratios

of 0:1, 0.5:1, 1:1 and 1.5:1. The mixture was dissolved in 120 g
deionized water and impregnation was carried out for 12 hr. The
mixture was transferred into a hydrothermal reactor, and heated

to 140°C, 180°C and 220°C for 4 hr, 8 hr and 12 hr. After that,
when the system had naturally co oled to room temperature, the
products were washed with hot d  eionized water until the wash
solution was clear. Finally, the sample was dried in an oven at
100°C and stored for further use. The biochars produced by the
addition of ammonium phosphat e, thiocarbamide, ammonium
chloride and urea were named biochars by ammonium phos-
phate (APBC), biochars by thiocarbamide (TUBC), biochars by
ammonium chloride (ACBC) and biochars by urea (URBC),
respectively. The biochars prepared under different conditions
were labeled with x .y.z, where x refers to hydrothermal
temperature, y refers to hydrothermal time and z refers to the
impregnation ratio of modifying agent to precursor. For example,
140-8h-1-APBC represented the biochar sample prepared by
adding ammonium phosphate at the hydrothermal temperature

of 140°C, hydrothermal time of 8 hr and impregnation ratio of 1.
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1.3. Characterization methods

FT-IR (Avatar 370) was used to identify the surface chemistry
characteristics of the biochars over the range of 400
4000 cm 1. The pore structure of the biochars was obtained
through measurementof N, adsorption .desorption isotherms
using a JW-BK122W apparatus (Beijing JWGB Sci. & Tech. Co.,
Ltd. China) at 77 K. The morphology of the biochars was
characterized by SEM (FEI, NOVA NANOSEM450, USA).

1.4. Batch adsorption experiments with copper ions

A copper ion stock solution of 2000 mg/L was prepared by

dissolving the corresponding quantity of Cu(NO 3)2 in deionized

water. The copper ion stock solution was diluted with deionized

water to obtain working solutions of various concentrations (45,

55, 85, 135, 165 and 220 mg/L). 0.050 g of biochar was blended

with 50 mL copper ion solutions with different initial concen-

trations in 250 mL conical flasks, and the mixtures were placed

in a constant temperature air oscillator, which was shaken with

a speed of 150 r/min for 24 hrto reach adsorption equilibrium at

the temperature of 25°C. Samples were filtered by 0.22 m

membranes, and the copper ion concentration of the filtrate

was measured by atomic absorption spectrometry (TAS-990).

The amount of copper ions adsorbed onto biochar at equilib-

rium was calculated by the following formula:

qe %M alp
w

where, Cy (mg/L) and C, (mg/L) are the initial and equilibrium

concentrations of copper ions in the solution; de (Mg/g) is the

amount of copper ions adsorbed by the biochar at equilibrium; \%

(L) is the volume of copper ion solution and w (g) is the mass of

biochar.

1.5. Adsorption isotherm models

The adsorption isotherm data are usually described by three
important models, namely the Langmuir, Freundlich, and
Dubinin . Radushkevich isotherms. The Langmuir isotherm
assumes that monolayer adsorption takes place on a plane
surface with uniform adsorption energy and that there is no
transmigration of the adsorbate. The Freundlich isotherm is
generally applied to describe heterogeneous systems with
nonuniform distribution of adsorption energies. The Dubinin
Radushkevich isotherm is commonly employed to express an
adsorption mechanism with a Gaussian energy distribution
on a heterogeneous surface based on the potential adsorption
theory.

Table 1 —Langmuir, Freundlich and Dubinin

The following equations represent the linear forms of the
three models.
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where, Qp, (mg/g) is the maximum adsorption capacity. K. (L/mg)

b is a dimensionless constant related
Ke (mg/g)(/mg) ¥" is the Freundlich
constant. nisthe adsorption intensity. gs (Mg/g) is the theoretical
saturation capacity. is the Polanyi potential. is the Dubinin
Radushkevich constant.  Eis the mean free energy per molecule
of adsorbate.

is the Langmuir constants.
to the separation factor.

2. Results and discussion

HTC is an environmentally friendly technology, which may be
controlled by various process parameters, including type of
additive agent, hydrothermal time, hydrothermal temperature
and so on. The pore structure and adsorption capacity of
biochars are regarded as two key indicators, when the biochars
are used as adsorbents. Therefore, the influences of each
parameter on the pore development and adsorption behavior
are systematically discussed in the following sections.

2.1. Effect of additive agent

The effects of additive agents on the pore structure and
adsorption ability were studied by a series of experiments at
the hydrothermal temperature of 140°C, hydrothermal time of

8 hrand impregnation ratio of 1. Appendix A Table S1 shows that
the biochars obtained by hydro thermal carbonization with
ammonium phosphate, thiocarbamide, ammonium chloride
and urea displayed specific surface areas of 6.025, 326.5,
6.781 and 2.612 m ?/g, respectively. Biochars produced with
thiocarbamide exhibited greate  r surface area than those pro-
duced with the other additives. Nevertheless, it is important to
emphasize that the biochars produced with thiocarbamide did

not show the best adsorption ca  pacities towards copper ions.

—Radushkevich isotherm parameters for the adsorption of copper ions onto

biochars from different additive agents.

Isotherms Langmuir Freundlich Dubinin-Radushkevich
Parameters Qn (mg/g) b (L/mg) R Ke(mglg (IImg ¥'M) n R? E (kJ/mol) gs (Mg/g) R
140-8h-1.0-APBC 95.24 0.5801 0.9977 54.66 8.251 0.6910 1.581 92.09 0.9326
140-8h-1.0-TUBC 12.08 0.07837 0.9924 22.71 10.06 0.2919 2.673 14.66 0.4005
140-8h-1.0-ACBC 7.440 0.08424 0.9434 2.282 1.792 0.3592 0.0353 8.788 0.6847
140-8h-1.0-URBC 5.277 0.04068 0.9228 15.30 6.329 0.2271 0.1291 7.188 0.0451
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Fig. 1 — Effects of different additive agents on the adsorption
isotherm of biochars for copper ions at hydrothermal
temperature of 140°C, hydrothermal time of 8 hr and
impregnation ratio of 1.

This phenomenon implied that the specific surface area was not

the only influencing factor for the adsorption. The adsorption
properties of the biochars depended strongly on the type of
additive agent used (Table 1 and Fig. 1). The adsorption capacities

of various modified biochars fol ~ lowed the order 140-8h-1.0-APBC
(95.24 mg/g) > 140-8h-1.0-TUBC (12.08 mg/g) > 140-8h-1.0-ACBC
(7.440 mg/g) > 140-8h-1.0-URBC (5.277 mg/g). The differences
may be due to the different additives agents undergoing different
reactions with the raw precursor, resulting in variations in the

pore structure and surface chemical properties, especially the
surface chemical properties. In the following study, ammonium
phosphate was chosen as the activity-enhancing additive due to

the excellent adsorption capaci  ty produced with this additive.
Ammonium phosphate may be employed as a catalyst to
enhance the formation of pores and surface chemical groups
during the hydrolysis process by diffusing into the precursor
molecules and breaking down the chemical bonds of polysac-
charides, hemicelluloses or cellulose compounds.

2.2. Effect of hydrothermal time

The effects of hydrothermal time ranging from 4 to 12 hr, at
the impregnation ratio of 1 and hydrothermal temperature of
140°C, were investigated, and the corresponding results are
shown in Table 2, Appendix A Table S2 and Fig. 2. It was found
that the specific surface area of the biochars increased slightly
from 5.901 to 6.025 m /g with the increase of hydrothermal
time from 4 to 8 hr, and then decreased to 4.632 m 2l at
the hydrothermal time of 12 hr. Interestingly enough, the
adsorption capacity did not exhibit the same trend. The
adsorption capacity of the biochars towards copper ions
increased from 79.37 to 98.04 mg/g with increasing hydro-
thermal time throughout the experiment. The difference in

the maximum adsorption capacities of 140-12h-1.0-APBC
(98.04 mg/g) and 140-8h-1.0-APBC (95.24 mg/g) was slight.
Furthermore, Fig. 7a shows that the band locations and
strengths in the FT-IR spectra remained unchanged with
increasing hydrothermal time. These results suggested that
the hydrothermal time had little impact on the porosity and
adsorption behavior of the obtained biochars. According to
the previous reports, hydrothermal time beyond a certain
range has a very little influence on the hydropyrolysis process
(Nizamuddin et al., 2017). Thus, 8 hr was selected as the
hydrothermal time in subsequent experiments, in view of
saving energy.

2.3. Effect of impregnation ratio

The impregnation ratio is another significant control factor
affecting the hydropyrolysis process of biomass. Fig. 3, Table 2
and Appendix A Tables S3-S5 list the physical texture and
adsorption data of biochars synthesized with different im-
pregnation ratios at various hydrothermal temperatures and
hydrothermal time of 8 hr. It can be seen that the impact of
impregnation ratio on the pore structure and adsorption
behavior was greater than that of hydrothermal time. The
results on the effects of impregnation ratio on the pore
structure are given in Appendix A Tables S3-S5. As the
impregnation ratio increased from 0 to 1.5, the BET specific

Table 2 —Langmuir, Freundlich and Dubinin-Radushkevich isotherm parameters for the adsorption of copper ions onto

various biochars from different preparation factors with the addition of ammonium phosphate.

Isotherms Langmuir Freundlich Dubinin .Radushkevich
Parameters Qm (mg/g) b (L/mg) R Ke(magl/g (Img Y™) n R E (kd/mol) g (Mg/g) R
140-4h-1.0-APBC 79.37 0.2360 0.9974 35.79 6.031  0.8452 0.50 72.92 0.9754
140-8h-1.0-APBC 95.24 0.5801 0.9977 54.66 8.251 0.6910 1.581 92.09 0.9326
140-12h-1.0-APBC 98.04 1.074 0.9987 54.61 7210 09121 8.452 89.52 0.8930
140-8h-0-BC 12.52 0.1270 0.9793 5.189 5.838 0.4276 0.07906 12.81 0.7224
140-8h-0.5-APBC 77.52 2.434 1.000 51.74 1037  0.7705 2.236 76.92 0.9796
140-8h-1.0-APBC 95.24 0.5801 0.9977 54.66 8.251 0.6910 1.581 92.09 0.9326
140-8h-1.5-APBC 63.29 0.6008 0.9949 37.76 9.017 0.8385 0.8452 59.99 0.7175
180-8h-0-BC 16.92 0.00626 0.4142 5.262 1.308 0.7402 0.0354 10.29 0.7747
180-8h-0.5-APBC 13.85 0.08389 0.9953 5.345 6.357  0.5080 0.2887 11.21 0.6467
180-8h-1.0-APBC 89.29 1.723 0.9998 56.43 9.542 0.9655 5.774 80.85 0.9675
180-8h-1.5-APBC 81.30 0.2746 0.9985 46.42 9.276 0.9589 5.000 65.84 0.9115
220-8h-0-BC 9.940 0.003689  0.1442 16.86 1178  0.6469 0.0353 4.757 0.4575
220-8h-0.5-APBC 10.12 0.006557  0.2283 4.765 1517  0.4117 0.0353 6.957 0.4575
220-8h-1.0-APBC 90.91 0.1644 0.9960 40.41 6.557 0.9075 3.535 67.42 0.8607
220-8h-1.5-APBC 84.75 0.1380 0.9972 27.97 4392 09323 1.581 61.90 0.8076
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Fig. 2 — Effects of hydrothermal time on the adsorption
isotherm of ammonium phosphate-modified biochars for
copper ions at the hydrothermal temperature of 140°C and
impregnation ratio of 1.

surface area of biochars produced at 140°C continuously
decreased from 10.547 to 4.177 m 2%g. However, the BET
specific surface area of biochars produced at 180°C and 220°C
changed irregularly. The results on the effects of impregna-
tion ratio on the adsorption behavior are given in Table 2 and
Fig. 3. The adsorption capacity of the biochars toward copper
ions significantly increased when the impregnation ratio was
raised to 1:1. While the impregnation ratio rose from 1:1 to
1.5:1, the adsorption capacity dropped in all cases, at
hydrothermal temperatures of 140°C, 180°C and 220°C. The
isotherm parameters in Table 2 demonstrate that the maxi-
mum adsorption capacities of biochars at the impregnation
ratio of 1:1 were around 92 + 3 mg/g. It can be observed that
augmenting the impregnation ratio from 0 to 1.0 led to a huge
enhancement of adsorption capacity, from 10 + 1 mg/g to
92 + 3 mg/g, which proved that ammonium phosphate as an
additive agent was very efficient for enhancing the removal
ability of biochars. The maximum adsorption capacities of
biochars at the impregnation ratio of 1.5:1 were around 73 +
10 mg/g, which was slightly lower compared with those at the
impregnation ratio of 1:1. Overall, the impregnation ratio of
1:1 was adopted as a favorable ratio on account of adsorption
efficiency and economic effectiveness.

2.4. Effect of hydrothermal temperature

The basic role of hydrothermal temperature is to provide the
necessary thermal energy for the disintegration and recombi-
nation of the chemical bonds in biomass (Akhtar and Amin,
2012). The effects of hydrothermal temperature on the
porosity and adsorption behavior were evaluated at hydro-
thermal time of 8 hr and impregnation ratios ranging from 0

to 1.5 (Fig. 3, Table 2 and Appendix A Tables S3-S5). It can be
observed that the adsorption capacity showed different
trends with increasing hydrothermal temperature at different
impregnation ratios. At the impregnation ratio of 0.5, the
adsorption uptake was 77.52, 13.85 and 10.12 mg/g for
hydrothermal temperatures of 140°C, 180°C and 220°C,
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Fig. 3 — Effects of impregnation ratio on the adsorption
isotherm of ammonium phosphate modified biochars for
copper ions at 140°C (a), 180°C (b) and 220°C (c), at
hydrothermal time of 8 hr and impregnation ratio of 1.

respectively. At the impregnation ratio of 1, changes in the
adsorption amount with rising hydrothermal temperature
were not notable. At the impregnation ratio of 1.5, the
adsorption uptake was 63.29, 81.30 and 84.75 mg/g corre-
sponding to hydrothermal temperatures of 140°C, 180°C and
220°C, respectively. However, the effects of hydrothermal
temperature on the BET specific surface area were irregular.
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Fig. 4 — Scanning electron microscopy images of 140-8h-0-BC
(a), 140-8h-1-APBC (b), 140-8h-1-TUBC (c), 140-8h-1-ACBC (d),
and 140-8h-1-URBC (e). APBC: biochars by ammonium
phosphate; TUBC: biochars by thiocarbamide; ACBC: biochars
by ammonium chloride; URBC: biochars by urea.

Therefore, it can be concluded that the surface chemical
groups play the key role in adsorption, not the pore structure.

2.5. Characterization of biochars and removal mechanism

The SEM images of biochars before and after modification are
presented in Fig. 4. The biochars obtained with various
additive agents had different structures. It can be observed
that the pore structures of the modified biochars were better
developed than that of the pristine biochar, which may
facilitate the delivery and transfer of copper ions into the
internal pores. Fig. 4a shows that the pristine biochar has a
smooth surface without any obvious pores. The surface of
140-8h-1-APBC displays a snowflake-like structure (Fig. 4b).
The surface of 140-8h-1-TUBC displays a layer-stacking
structure (Fig. 4c). The surface of 140-8h-1-URBC is ball-like,
with a fibrous structure (Fig. 4d). A considerable amount of
brick-like stacking structures are visible on the surface of 140-
8h-1-URBC (Fig. 4e).

The SEM.EDX measurements were carried out to estimate
the changes in the surface chemical composition of biochars
before and after adsorption of copper ions (Fig. 5). The EDX
results revealed that carbon, nitrogen and oxygen are the
major elements on the surface of all biochars. The main
constituents of 140-8h-0-BC were C (67.67 wt%), N (7.25 wt%)
and O (22.82 wt%) without any traces of Cu. The main
constituents of 140-8h-1-APBC were C (59.36 wt%), N (5.47 wt
%), O (22.60 wt%) and P (6.7 wt%). The main constituents of
140-8h-1-TUBC were C (63.45 wt%), N (11.09 wt%) and O

Fig. 5 — EDS spectra of 140-8h-0-BC (a), 140-8h-1-APBC (b),
140-8h-1-TUBC (c), 140-8h-1-ACBC (d), 140-8h-1-URBC (e),
140-8h-0-BC (f) after adsorption and 140-8h-1-APBC (g) after
adsorption. APBC: biochars by ammonium phosphate; TUBC:
biochars by thiocarbamide; ACBC: biochars by ammonium
chloride; URBC: biochars by urea.




