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Abstract The adsorption efficiency and mecha-
nism of Cu?* were qualitatively and quantitatively
assessed in solution by biochar pyrolyzed at 500 C
(CSB500 vs. CMB500) using different agricultural
wastes (corn straw vs. cow manure). The adsorption
kinetic, isotherm fittings and pH effect were investi-
gated and surface characterization was carried out
before and after Cu®* adsorption. The Langmuir iso-
therm was the best fit for both biochars and CMB500
had a higher maximum Cu?* adsorption capacity
(78.63 mg g') than CSB500 (73.77 mg g!). The
adsorption capacity reached the largest at pH 6.0
with 21.24 mg g™! for CSB500 and 24.28 mg g
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for CMB500. The adsorption mechanisms for Cu®*
adsorption were different for the two biochars. Spe-
cifically, cation exchange and mineral precipitation
contributed 43.5% and 33.2% for Cu** adsorption by
CSB500 respectively. The most important mechanism
for CMB500 is mineral precipitation and the contri-
bution is 60.7%, probably due to the high mineral
components of CMB500 which are easily precipi-
tated with Cu®*. The correlation analysis illustrated
that total Cu** removal capacity is highly positively
correlated with mineral precipitation, pH, ash con-
tent, specific surface area and total P of biochar. The
results benefit for selection of highly efficient biochar
materials based on their physicochemical properties
for better Cu** removal from wastewaters.

Keywords Biochar - Copper - Adsorption
characteristics - Adsorption mechanism

1 Introduction

As non-degradable contaminants, heavy metals are
metallic elements with a high density, which have
invoked severe environmental damage and health
problems for living organisms via bioaccumulation
and biomagnification (Demirbas, 2008). As a com-
mon heavy metal, copper (Cu) is also an essential
mineral nutrient for human health and nutrition, how-
ever, excess exposure to copper can cause cellular
damage and disease (Xie et al., 2017).
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To remediate heavy metal pollutants in the envi-
ronment, various methods and technologies have been
explored and generalized as membrane separation
(Shariful et al., 2018), ion exchange (Cavaco et al.,
2007), chemical precipitation (Meunier et al., 2006)
and adsorption (Toles & Marshall, 2002). Among
these, adsorption is easy to handle and a cost-effec-
tive approach (Demirbas, 2008). Common adsorbents
are activated carbon, resin, municipal sludge, agri-
cultural waste etc., but these adsorbents are of their
disadvantages due to either low efficiency, high cost,
lack of source and/or potential secondary pollution
(Jia et al., 2008). Therefore, it is particularly impor-
tant to produce low-cost and environment-friendly
adsorption materials.

Biochar produced from anaerobic pyrolysis of bio-
mass is considered to be a new type of environmental
functional material, the effect of which in remediation
of heavy metal-contaminated wastewater has been
widely evaluated (Ahmad et al., 2014a, b; Beesley
et al., 2015; Xu et al., 2022). Various biomass can
be used in the production of biochar, including ani-
mal manure (Batool et al., 2017; Xu et al., 2013),
herbaceous plants (Hwang et al., 2013), agricultural
by-products, and municipal sludges (Chagas et al.,
2021; Fan et al., 2020), etc. The physical and chemi-
cal properties of biochar mainly depend on the char-
acteristics of feedstock and the pyrolysis temperature,
which would thus affect the adsorption efficiency and
capacity. Generally, under the same preparation con-
ditions, the ash content and pH of biochar prepared
from animal manure and sludge are higher than those
prepared from herbs and agricultural by-products,
while the biochar derived from herbs has higher
carbon content and lower cation exchange capacity
(CEC) than that derived from animal manure (Ahmad
et al., 2014a, b; Uchimiya et al., 2010; Yaman, 2004).
High ash content, large specific surface area, and
abundant functional groups have been reported as
the main characteristics of biochar with higher heavy
metal removal capacity.

Biochars produced from different feedstocks
show significantly different Cu®** removal capaci-
ties in solution. For example, the maximum adsorp-
tion capacity of manure-derived biochars for Cu®* is
39.79 mg g~'-43.59 mg g~' (308 k) (Batool et al.,
2017), while the sludge-derived biochars showed a
quite low maximum adsorption capacity for Cu’",
which was 0.96 mg g~'-2.46 mg g~! (Fan et al.,
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2020). The maximum adsorption capacity for Cu** by
willow biochar and cow dung biochar is 12.2 mg g™
and 14.7 mg g~!, respectively (Wang et al., 2020).
The main mechanisms of heavy metal adsorption by
biochar include: 1) mineral precipitation, 2) com-
plexation of heavy metals with oxygen-containing
functional groups, 3) cation-x interaction and 4) the
exchange of heavy metal ions with positively charged
ions such as K*, Ca®*, Na*, and Mg>* (Gao et al.,
2019; Trakal et al., 2014). Studies are still inadequate
regarding systematic comparison of the capacities of
biochars pyrolyzed from different feedstocks in Cu**
adsorption. Moreover, mechanisms that regulate Cu?*
adsorption may differ among biochars and the relative
contribution of adsorption mechanisms warrant fur-
ther research to better discern, produce and/or modify
biochar with high heavy metal (e.g. Cu) remediation
capacity.

The study aims to systematically examine the
adsorption characteristics of Cu** by biochar pre-
pared from two common raw materials (corn straw
and cow manure) with different characteristics and
to qualitatively compare the contribution of each
mechanism to total Cu?* adsorption by the biochars.
Besides, this study further related the adsorption
mechanism with biochar physicochemical properties
by correlation analysis. We hypothesized that: 1) cow
manure biochar has greater Cu?* adsorption capacity
due to its high ash content and CEC; 2) the relative
contribution of adsorption mechanisms is different for
manure and plant litter-derived biochars.

2 Materials and Methods
2.1 Biochar Preparation and Characterization

Corn straw and cow manure were chosen as biochar
feedstocks and pyrolyzed under an atmosphere of
nitrogen gas at 500 ‘C. Briefly, the feedstocks were
firstly chopped into small pieces before packing
them into quartz pyrolysis tubes. Both ends of the
pyrolysis tubes were then sealed with stainless steel
sealing flanges. Nitrogen gas was injected at a flow
rate of 500 ml min~! for 30 min to form an oxygen-
limiting environment inside the pyrolysis tubes. The
pyrolysis temperature was gradually raised to 500 C
with a heating rate of 5 °C min~! and maintained for
2 h. After pyrolysis, the biochars were cooled down
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to room temperature by circulating nitrogen gas. The
corn straw- and cow manure-derived biochars were
ground to pass a 60-mesh sieve and named CSB500
and CMB500, respectively.

The yield of biochar was calculated from the mass
loss of the corn straw and cow manure before and
after pyrolysis. The pH and EC of biochar were meas-
ured according to the standard method of IBI (2015).
The ash content of biochar was determined by ashfy-
ing the biochar in a muffle furnace at 800 °C for 4 h
and weighing the biomass left. The cation exchange
capacity of biochar was determined by the sodium
acetate exchange method (Gaskin et al., 2008). The
total phosphorus (P) and potassium (K) in biochar
were determined after digestion with sulfuric acid
and hydrogen peroxide.

The specific surface area (SSA) of biochar was
determined by an ASAP 2460 analyzer (ASAP2460,
Micromeritics, USA). The contents of C, H, O and N
in biochar were determined by an elemental analyzer
(ELII, Elementar Vario, Germany). The microstruc-
ture of biochar was characterized by scanning elec-
tron microscopy (S-4800Il, Hitachi, Japan). Reactive
functional groups of biochar were determined via a
micro infrared spectrometer (Cary 610/670, Agilent,
USA). X-ray diffraction (XRD) patterns of biochar
before and after Cu®* adsorption were acquired by
an X-Ray diffractometer (Ultima IV, Rigaku Corpo-
ration, Japan) with diffraction angles between 2—80°.
An X-Ray photoelectron spectroscopy (ESCALAB
250Xi, Thermo, USA) was used to discern the ele-
mental oxidation states and functional groups of the
original biochar materials.

2.2 Batch Adsorption Experiment

To evaluate the effect of feedstock type on adsorp-
tion efficiency of Cu?* by biochar, batch adsorption
experiments were conducted under the following
conditions: 20.0 mg biochar was mixed with 20 mL
Cu®* stock solution (25-150 mg LY at different
pH (3.0-6.0) and then agitated for different time
(5-1440 min) at 185 rpm (Cui et al., 2016; Deng
et al., 2018; Wang et al., 2018). All experiments were
carried out in triplicates at 25 °C. The suspension
was sampled at the given time and filtered through
a 0.45 pm filter membrane for Cu®* determination
using a flame atomic absorption spectrophotom-
eter (PinAAcle 900F, PerkinElmer, Singapore). The

loaded Cu®* onto biochar materials was collected and
oven-dried after experiment and disposed as hazard-
ous waste.

2.2.1 Factors Affecting Cu?* Adsorption

To examine the process parameter on adsorption effi-
ciency of Cu?*, various pH gradients (3.0, 4.0, 5.0
and 6.0) and contact time (5 min, 10 min, 20 min,
30 min, 1 h, 2 h, 4 h, 6 h, 10 h and 24 h) were set up
with the initial concentration of CuSO, solution being
25 mg Cu-L™! and the suspension pH being adjusted
to the specific pH with diluted HCI and NaOH. All
other conditions were kept the same as described
above. The pseudo-first-order and second-order
kinetic equations were used to describe the kinetic
process of Cu>" adsorption on biochar. The equations
are as follows:

g, =q,(1—e™h" (1)
kyq?t

= _—-¢ 2

9 1 + kyq,t @

In which, ‘t’ is the adsorption time, h; ‘q,” is the
adsorption capacity of Cu?* on biochar at time t,
mg g~'; ‘q.’ is the adsorption capacity at equilib-
rium, mg-g™'; *k;” (h™!) and ‘k,” (g'mg~' h™") are the
pseudo-first-order and second-order kinetic constants,
respectively.

2.2.2 Adsorption Isotherm

Adsorption isotherm was adopted to examine the
relationship between the quantity of Cu’* adsorbed
by biochar and the total quantity of Cu®" in solu-
tion. Briefly, 20 mg biochar was mixed with 20 mL
CuSO, solution made with 0.01 mol L™' NaNO,
solution, with a Cu®* concentration of 25, 50, 75,
100 and 150 mg L~!. The experiment was conducted
in triplicate with the initial pH being adjusted to 5.0
with diluted HCl and NaOH. The suspension was
oscillated at 25 °C for 24 h and then filtered through
0.45 pm for Cu®* determination. The Freundlich and
Langmuir isothermal adsorption models were used to
fit the adsorption data of Cu®* by biochar using the
following equations:

@ Springer
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1
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Where ‘c.’ is the equilibrium adsorption concentra-
tion of Cu?*, mg-L_l; ‘q.’ and ‘q,,’ are the equilib-
rium adsorption capacity and the maximum adsorp-
tion capacity, mg-g~!; ‘K is the adsorption capacity
parameter, mg~g‘1; ‘n’ is the Freundlich constant,
indicating the adsorption strength; parameter ‘b’
(L-mg™") characterizes the adsorption site affinity for

metals on the adsorbent surface.

2.3 Contribution of Different Adsorption
Mechanisms

The mechanisms for Cu?* adsorption on the surface
of biochar were precipitation, cation exchange, com-
plexation with oxygen-containing functional groups
and coordination with m-electrons. The relative con-
tribution of which to total Cu** adsorption was parti-
tioned according to (O’Connor et al., 2022).

The adsorption capacity by mineral precipitation
(Qcp) was obtained from the difference in adsorp-
tion capacity of demineralized and untreated biochar
using the following equation:

Qcp = Qt - Qa (5)

Where ‘Q,’ is the total adsorption capacity; ‘Q,’ is the
adsorption capacity by demineralized biochar. The
biochar was demineralized by acid washing using
1 mol L~! HCI and rinsing with deionized water till
constant pH.

The adsorption capacity generated by cation
exchange (Q,,) was obtained from the release of K¥,
Ca®*, Na* and Mg?* before and after adsorption by
biochar using the following equation:

Qci = QK + QCa + QNa + QMg (6)

In which, ‘Qg’, ‘Qc,’s ‘Qn,” and ‘Qy,~ are the
amount of K*, Ca? *, Na* and Mg>* released into
solution by biochar after adsorption.

The adsorption capacity obtained by complexa-
tion with oxygen-containing functional groups (Q.)
was determined by changes in solution pH (H' con-
centration) after and before Cu** adsorption by the
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demineralized biochar and calculated with the follow-
ing equation:

Q. = 1000 x (1077H4 — 107#s) @)

In the formula, pH, and pHp represent the pH val-
ues of the solution after (A) and before (B) adsorption
of Cu®* by demineralized biochar.

Other adsorption mechanisms (Q,,) i.e., the coor-
dination of Cu’** with m-electrons was calculated
using the following equation:

Qco = Qt - Qci - ch (8)

Where ‘Q;’ is the total adsorption capacity of Cu* on
biochar.

2.4 Statistical Analysis

Descriptive statistics were conducted using the SPSS
statistical 19.0 program (IBM SPSS, Inc, Chicago,
USA). Model fitting of adsorption kinetics and iso-
therms and the correlation heatmap were generated
using Origin 2019 (OriginLab Corp., Northampton,
USA). XRD analysis of mineral types was performed
using jade 5.0 (MDI, Newtown Square, USA) with
the 2004 card libraries.

3 Results and Discussion
3.1 Biochar Characterization

The adsorbent performance of heavy metal by biochar
is regulated by biochar properties (e.g. ash content,
mineral and carbon content, specific surface area and
aromaticity etc.) which differ intrinsically with feed-
stock type under the same pyrolysis process. Raw
materials undergo different degrees of dehydration,
branched chain breaking and recombination, aromatic
condensation, and other processes in the pyrolysis
process. Cow manure contained higher amounts of
minerals which are involatile during pyrolysis and
thus remained in the biochar, leading to the higher
yield and ash content in CMB500 when compared to
CSB500 (Table 1), which may result in differences
in the adsorption mechanisms of the two biochars
for metals. The alkalinity of biochar is determined
mainly by the ash content (Yuan et al., 2011; Zheng
et al., 2013) and thus the pH of CMBS500 was slightly
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Table 1 Basal characteristics of corn straw biochar (CSB500)
and cow manure biochar (CMB500)

Biochar CSB500 CMB500
Ash content (%) 21.75+0.11 35.55+0.25
Yield 31.57+0.13 47.16+0.14
pH 10.58 +£0.01 10.71+0.13
EC (ms-cm™") 2.71+0.03 0.27+0.00
CEC (cmol.kg™) 55.96+2.17  98.87+1.78
BET (m*g™") 21.06+0.08  31.41+0.06
Total K 79.99+0.78 31.54+0.57
Total P 8.87+0.77 13.52+0.09
Elemental content(%) C 61.96 51.22

H 2.81 2.48

(0] 11.43 8.58

N 1.60 1.82

S 0.45 0.35

higher than that of CSB500 (Table 1). The morphol-
ogy of both biochars were analyzed by SEM and the
porous surface structures of both biochars suggested
great potential to adsorb Cu®* ion. Specifically,
CSB500 had a strip structure with a clear pore struc-
ture and obvious tube bundle structure on the surface
(Fig. 1a, b) and CMBS500 had a tubular structure with
abundant pores (Fig. lc, d), which rendered it with
a larger specific surface area (Table 1). From the
results of elemental analysis, CSB500 had higher car-
bon content but lower H/C than CMB500 (Table 1),
indicating CSB500 had a more stable aromatic and
n-conjugated structure than CMB500. CSBS500
also had slightly higher O content, O/C ratio and
(O+N)/C ratio than CMB500, suggesting CSB500
contained more oxygen-containing functional groups.

Fig. 1 SEM images of corn straw biochar (CSB500, a, b) and cow manure biochar (CMB500, ¢, d)

@ Springer
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3.2 Cu* Adsorption Kinetics and Isotherms

The adsorption reaction is driven by the interaction
between adsorbents and sorbates, with the surface
adsorption and desorption balance being regulated
by factors such as contact time, the concentration of
metal ions and pH (Li & Xie, 2003). The adsorp-
tion sites of both biochars reached saturation quickly
(~24 h) after reaction with Cu®* as shown by the
kinetic curves (Fig. 2a) due to greater numbers of
reactive groups. The pseudo-second-order model per-
formed better to characterize the adsorption pattern of
Cu?* onto biochars than the pseudo-first-order model
based on the higher adjusted coefficient of determi-
nation (R?) and smaller difference between the theo-
retical adsorption equilibrium (Q,) and the measured
value (Fig. 2a, Table S1). The CMB500 had slightly

higher Cu®* adsorption capacity but longer equilib-
rium time when compared to CSB500 (Fig. 2a), prob-
ably due to its higher specific surface area, pore vol-
umes and binging energy with Cu®*.

How biochars as adsorbates interact with Cu?*
is further featured by isotherm adsorption. The
adsorption isotherm at different initial Cu?* con-
tent on the two biochars was shown in Fig. 2b. The
Langmuir and Freundlich isotherm models were
applied and the corresponding fitting parameters
were given in Table S2. The Langmuir isotherm
describes adsorption on identical surfaces with
irrelevant cooperation between the adsorbed par-
ticles and accepts that the adsorption and desorp-
tion are relative to the accessible surface and the
involved surface, individually (Li et al., 2017). The
Freundlich isotherm model expects that the outer

(a) 30
® CSB500  ----- pseudo-first-order Kinetic
A CMB500 pseudo-second-order kinetic
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—
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—|°n ------------------------------------
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(b) 70 () 30
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60 25 [ACMBS00 . N
:.;\D 50 i\ﬁ 20 L i (] b
o0 40 e s | ]
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10 ":' . 5r
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0 25 50 75 100 125 2.53.035404550556.06.5
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Fig. 2 Fitting of the adsorption of Cu®" kinetic data to the
pseudo-first-order and second-order models (a), Freundlich
and Langmuir isotherm fittings for the adsorption of Cu?* (b)
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and the effect of pH on Cu* adsorption (¢) by corn straw bio-
char (CSB500) and cow manure biochar (CMB500)
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layer of the adsorbate is heterogenous with vari-
ous affinities to the adsorbent and that adsorption
happens in a multi-facet design (O’Connor et al.,
2022). The Cu** adsorption isotherm by CSB500
and CMB500 could be better fitted using the Freun-
dlich model (Table S2). The maximum adsorption
capacity increased with initial Cu®* ion concentra-
tion and obtained from the Langmuir model was
78.63 mg ¢! and 73.77 mg ¢! for CMB500 and
CSB500, respectively. The results are higher than a
series of reports using different adsorbents for Cu?*
removal in solution. For example, the maximum
Cu?* sorption was determined as 44.50 mg g~! and
43.68 mg g~! for a farmyard, manure- and poultry
manure-derived biochar respectively (Batool et al.,
2017). However, other factors (e.g. pyrolysis tem-
perature, application rate) may also regulate the
Cu** adsorption by biochar and should be focused
on in further studies.

Fig. 3 FT-IR spectra (a)
and XRD diffractograms
(b) of corn straw biochar
(CSB500) and cow manure
biochar (CMB500) before
and after adsorption of Cu®*

~
&
-

Intensity (a.u.)

(b)

Intensity (a.u)

3.3 Effect of pH on Cu?" Adsorption

The pH value of the solution is an important envi-
ronmental factor affecting the adsorption efficiency
of heavy metal ions. pH can not only affect the
functional groups on the surface of biochar but also
change the existing form of metal ions in the solu-
tion (Milmile et al., 2011). The biochars showed low
capacities in adsorbing Cu** at a pH lower than 3.0
(Fig. 3c). The amount of Cu?" removed by biochars
increased significantly with the increase in pH from
3.0 to 6.0. However, the adsorption capacity leveled
out when the solution pH was greater than 6.0. The
CMBS500 had greater Cu** adsorption capacity than
CSB500 regardless of solution pH. The mechanisms
of absorbent behavior as affected by pH are summa-
rized as follows. Firstly, the positive charges on the
surface of the biochar at low pH are repulsive to Cu*"
in the solution (Wang et al., 2018), which is unfavora-
ble to the adsorption of Cu®* (Fig. S1). Secondly,
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biochar releases more cations (K*, Ca?*, Mg?*, etc.)
and anions (CO32’, PO43_, SO42’, etc.) from previ-
ously insoluble crystal minerals in the low pH envi-
ronment (Fig. 3b). The cations might compete with
Cu’* for active adsorption sites on biochar surface
and the anions are difficult to precipitate with Cu®*
at low pH (Liu et al., 2019; Qiu et al., 2008). Moreo-
ver, as solution pH rises, the content of H* decreases,
while the negative surface charge of biochar increases
(Sanchez-Polo & Rivera-Utrilla, 2002), which favors
the electrostatic interaction with Cu®*, thus promot-
ing the adsorption of Cu?" by biochar. When the
solution pH is greater than 6.0, Cu®* will precipi-
tate to form Cu(OH)*, Cu(OH),**, Cu;(OH),**, and
the content of soluble Cu?* decreases in the solution
(Fig. S1), thus affecting the adsorption efficiency.
Therefore, a pH of 5.0 was suggested as the optimum
pH for the Cu** adsorption experiment in this study.

3.4 Mechanisms of Cu®* Adsorption on Biochars
3.4.1 Ion Exchange

Cations in biochar, including K*, Na*, Ca**, Mg?*
etc., remain in biochar through electrostatic attrac-
tion, precipitation, and complexation with func-
tional groups (e.g. carboxyl groups), and these ions
can be replaced by the adsorption process between
biochar and heavy metals (Ahmed et al., 2016; Cui
et al., 2016), which was confirmed by this study as
the concentrations of K*, Na*, Ca**, and Mg?" in the
solution increased after Cu®* adsorption. Therefore,
cation exchange is a possible mechanism for Cu’*
adsorption by biochar (Bernardo et al., 2013).

3.4.2 Mineral Precipitation

Previous studies have shown that Cu?* can form
precipitation with some anions released from bio-
char into aqueous solution, such as CO32’, PO43’ and
OH™ (Chi et al., 2017; Deng et al., 2018; Shen et al.,
2017). To qualitatively analyze the role of precipita-
tion in the process of Cu>* adsorption by biochar, the
X-ray diffraction patterns of the two biochars before
and after Cu®* adsorption were determined (Fig. 3b).
The biochars before Cu®* adsorption had more abun-
dant characteristic peaks and higher mineral con-
tents. After Cu®* adsorption, both biochars showed
CuSiO; generation at 20=12.80° and 26.68°, and

@ Springer

CuCO; generation at 20=25.72°. Besides, CSB500
also showed CuSiO; generation at 20=28.39°,
while CMB500 also showed CuCO; generation at
20=29.45°.

The infrared characterization spectra of the two
biochars before and after Cu®* adsorption was pre-
sent in Fig. 3a. The corresponding peak at 458 cm™
is the Si-O-Si vibration absorption peak (Babu et al.,
2011), and the corresponding peak at 871 cm™ is
CO32‘ vibration absorption peak. (Reig et al., 2002).
Compared with the original biochar, the intensity of
these bands changed after Cu?* adsorption, indicating
the formation of silicon complexes or silicon mineral
precipitation and phosphate precipitation in the pro-
cess of Cu®* adsorption. The XRD results were con-
sistent with FT-IR, indicating that mineral precipita-
tion is one of the mechanisms of Cu*" adsorption by
biochar (Xu et al., 2013).

3.4.3 Complexation of Oxygen-Containing
Functional Groups

FT-IR was used to characterize the changes in oxy-
gen-containing functional groups on the surface of
biochar before and after Cu®* adsorption (Fig. 3a).
The corresponding bands at 3380 cm™ are O-H
vibration absorption peaks of the hydroxyl group,
the corresponding peaks at 1411 cm™' (CSB500) and
1419 cm™ (CMB500) are C-0O-O (Yang et al., 2007),
and the corresponding peaks at 1070 cm™' (CSB500)
and 1062 cm™' (CMB500) are C-O. The strength and
position of these bands changed after Cu®** adsorp-
tion, suggesting that there was complexation with
oxygen-containing functional groups in the process of
Cu?* adsorption. Generally, the complexation process
of -COOH and -OH functional groups with Cu®* is
accompanied by the release of H" (Cao et al., 2009),
which leads to a decrease in the solution pH (Fig. S2).
Cls spectra were deconvoluted into four major com-
ponents at binding energies of 289.6/289.0 eV,
286.3/285.8 eV, 284.7/285.0 eV and 284.4 eV, which
were signalized by O-C=0, C=0, C-O and C-C,
respectively (Fig. S3) and the concentration of C-C,
C=0 and O-C=0 is higher for CMB500 than
CSB500. The oxygen-containing functional groups in
biochar provided abundant adsorption sites for Cu?*
adsorption, and the contribution of this mechanism to
total adsorption capacity will be discussed later.
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3.4.4 Other Mechanisms

In addition to the above mechanisms, other possible
heavy metal adsorption mechanisms, such as physical
adsorption, m-coordination, and electrostatic attrac-
tion, have also been proposed in the modified biochar
(Yuan et al., 2020; Zhu et al., 2020). Biochar is highly
aromatic and rich in aromatic & structure, therefore it
can be used as an electron-w carrier to combine with
heavy metals. Previous studies have shown that the
surface of biochar prepared at a high temperature
can form strong metal-r ligand with heavy metals
(Swiatkowski et al., 2004). According to FT-IR spec-
trum analysis, the corresponding peak at 792 cm™
was aromatic C-H bending vibration (Huang et al.,
2017; Xu et al., 2013), and the corresponding peak at
1581 cm™! (CSB500) and 1583 cm™' (CSB500) was
aromatic C=C stretching vibration, and the intensity
of these bands changed because of Cu?* adsorption.
These heterocyclic compounds are weak cation-xt
bonds, which can easily combine with Cu?** by pro-
viding n-electrons (Keiluweit & Kleber, 2009). The
results referred that there is cation-m interaction in
the process of Cu?* adsorption by biochar (Uchimiya
et al., 2010).

3.5 Contribution of Adsorption Mechanisms and the
Correlation with Biochar Properties

The main adsorption mechanism of Cu®** on the two
biochars were summarized in Fig. 4 as: (I) surface

complexation of Cu?* with oxygen-containing func-
tional groups, Q.; (II) ion exchange, Q.; (III) co-
precipitation of Cu?* with mineral components, Qqp
and (IV) other potential mechanisms, Q., (cation-n
interaction between Cu’* and = electron of aromatic
structure (C=C), electrostatic interaction, etc.). Most
of the minerals in the biochar were removed after acid
pickling, however, the oxygen-containing functional
groups of the biochar did not change before and after
acid pickling. Therefore, the reduction of the adsorp-
tion capacity of the biochar after demineralization is
regarded as the contribution of minerals to the total
adsorption (Qiu et al., 2008).

Ion exchange and mineral precipitation were the
dominating mechanisms for CSB500 in adsorb-
ing Cu®* and their contributions were quantified at
43.5% and 33.2%, respectively (Fig. 4a). The con-
tribution of mineral precipitation was 60.7%, ren-
dering it the most important mechanism of Cu*
adsorption by CMB500 probably due to the high
mineral components of CMB500 which easily pre-
cipitated with Cu?*. Besides, ion exchange was the
second most important contributor (28.5%) for Cu?*
adsorption by CMB500. The correlation analysis
showed that the total adsorption capacity (Q,) was
positively correlated with Qcp, pH, ash content,
CEC and total P (Fig. 5), indicating the mineral
composition of biochar plays a very important role
in the adsorption of Cu**. The high pH value of bio-
char is conducive to the de-protonation of oxygen-
containing functional groups, so that all biochars

(@ 30 (b)
> aQco B Qcp EQcf mEQci cation exchange Other mechanisms
x 25 =
3]
2
S~ 20 M
= ko
=
g5 o<
§ N _/ 7 (.)
8 10 ~-OCu- ‘//7"\
2 5 complexation with OFC: mineral co-precipitation
®K ® co
0 o c_a* ® ros-
CSB500 CMBS500 || =

Fig. 4 Contribution of mineral precipitation (Qcp)’ cation
exchange (Q), complexation with oxygen-containing func-
tional groups (Q,) and coordination with m-electrons (Q,,) to

the adsorption of Cu?* (a) by corn straw biochar (CSB500)
and cow manure biochar (CMB500) and the mechanism dia-
gram of Cu”* adsorption by biochar (b)
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Fig. 5 Correlation heatmap of Cu®* adsorption mechanisms
(Qp» mineral precipitation; Q.,, cationic exchange; Q., com-

plexation with oxygen-containing functional groups and Q,

surfaces will produce negative adsorption sites,
which are beneficial for the adsorption of Cu®>*. The
positive correlation between Q, and EC and total
K indicates that Cu®" interacts with soluble miner-
als containing potassium. Q., was highly positively
correlated with ash content, CEC, and total P con-
tent, indicating that the formation of Cu-phosphate
precipitation possibly because PO,* released by
biochar contributed to the immobilization of Cu?*,
which is confirmed by the weakening of peak
strength of calcium phosphate in the XRD pattern
after adsorption. There was a high positive correla-
tion between Q. and O/C, confirming that the con-
tent of oxygen-containing functional groups would
affect the adsorption effect of Cu’.

@ Springer
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coordination with m-electrons) with biochar characteristics. Q,,
total Cu?* adsorption capacity

4 Conclusion

The animal manure-derived biochar (CMB500) has a
slightly higher Cu®* removal capacity than the corn
straw-derived biochar (CSB500). Mineral precipi-
tation and cation exchange are the most two impor-
tant mechanisms for Cu>* adsorption and their rela-
tive contributions are different for the two biochars.
Specifically, the contribution of mineral precipitation
is 60.7% and 28.5%, cation exchange is 33.2% and
43.5% for CMB500 and CSB500, respectively. Total
Cu?* removal capacity is highly positively correlated
with mineral precipitation, pH, ash content, specific
surface area and total P of biochar from the correla-
tion analysis. The results help in select highly efficient
biochar materials based on their physicochemical
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properties and surface characterization for better
Cu”* removal from wastewaters.
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