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Abstract 23 

Biochars have been modified by alkali (Ca(OH)2) to enhance Cd sorption capacity in aqueous 24 

solution. In this research, the alkali-modified (Ca) biochars were prepared by co-pyrolyzing lime 25 

(Ca(OH)2) and soybean straw (SBB) or rape straw (RSB) at 450 °C. The absorption mechanism was 26 

investigated by a series of experiments and was provided by quantitative analysis. The maximum 27 

adsorption capacities of Cd2+ by Ca-SBB and Ca-RSB were calculated to be 78.49 mg g−1 and 49.96 28 

mg g−1, which were 1.56 and 1.48 times higher than SBB (50.40 mg g−1) and RSB (33.79 mg g−1), 29 

respectively. Compared with the original biochar (SBB, RSB), alkali-modified biochars (Ca-SBB 30 

and Ca-RSB) were found to have faster adsorption kinetics and lower desorption efficiencies. The 31 

mechanism study indicated that Ca(OH)2 modification effectively enhanced the contribution of ion 32 

exchange and decreased the contribution of functional groups complexation. After Ca(OH)2 33 

modification, precipitation and ion exchange mechanisms dominated Cd2 + absorption on Ca-SBB, 34 

accounting for 49.85% and 34.94% of the total adsorption, respectively. Similarily ion exchange 35 

and precipitation were the main adsorption mechanism on Ca-RSB, accounting however for 61.91% 36 

and 18.47% of total adsorption, respectively. These results suggested that alkali-modified biochars 37 

have great potential in adsorbing cadmium in wastewater. 38 

Keywords：Biochar ; Cadmium ; Alkali modification ; Adsorption mechanism 39 

 40 

 41 

 42 

 43 

 44 
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1. Introduction 45 

Cadmium (Cd) is one of the most toxic inorganic pollutants in wastewater and soil because of 46 

its strong migration and enrichment ability, which  causes severe damage to human health (Patar, 47 

et al. 2016). Several technologies have been used to remove Cd from wastewater and soil solution 48 

such as precipitation, complexation and adsorption (Bolan, et al. 2014; Fu and Wang 2011). 49 

Considering the removal efficiency, easy operation and secondary pollution, adsorption method is 50 

considered to be the best one (Burakov, et al. 2018).  51 

Biochar, a solid product prepared by biomasses pyrolysis under oxygen-limited conditions 52 

(Lehmann 2007), has been reported to sequestrate carbon, improve soil quality and increase crop 53 

yield (Lehmann 2007; Woods, et al. 2006; Zhang, et al. 2010). The deepening of biochar research 54 

revealed its great potential in the treatment of heavy metal pollution in water and soil, due to its 55 

well-developed pore structure, generally high pH, abundant oxygen-containing functional groups 56 

and mineral components (Ahmad, et al. 2014; Bian, et al. 2014; Li, et al. 2017). Cd absorption 57 

capacity of biochar estimated to be 0.3-39.1 mg g-1 (Inyang, et al. 2016). Biochar soil amendment 58 

was found consistently and significantly to increase soil pH and decrease soil extractable Cd over a 59 

3-year period experiment (Bian, et al. 2014). Based on the current research, the Cd2+ adsorption 60 

mechanisms on biochar included metal ion exchange, mineral precipitation, functional groups 61 

complexation and Cd2+-π coordination (Trakal, et al. 2014; Wang, et al. 2018; Yu, et al. 2018; Zhang, 62 

et al. 2015). 63 

Though biochar is an environmentally friendly adsorbent for Cd removal from water, the Cd2+ 64 

absorption capacity of biochar is generally lower compared with other bio sorbents such as activated 65 

carbon (Inyang, et al. 2016; Wilson, et al. 2006). In order to improve its adsorption performance, it 66 
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is necessary to modify it through loading with minerals, organic functional groups, nano-particles 67 

and activation with alkali solutions (Ahmed, et al. 2016). In all modification methods, loading 68 

minerals on the surface of biochar is the most promising one, combining the advantages of biochar 69 

and minerals (Tan, et al. 2016). Lime (Ca(OH)2) is the most common passivator used to remove 70 

Cd2+ from wastewater and soil solution, due to its affordable price and availability (Fu and Wang 71 

2011). Therefore, in order to reduce the cost and improve the Cd adsorption performance, co-72 

pyrolysis of straw and Ca(OH)2 is a feasible and easy-to-operate method. Biochar prepared by co-73 

pyrolysis of Ca(OH)2 and sludge improved the surface area, DOC content and alkalinity (Ren, et al. 74 

2018). However, there is still a lack of quantitative research on the relative distribution of Cd2+ 75 

adsorption mechanisms in alkali-modified biochar. 76 

In this study, the alkali-modified biochars were prepared by co-pyrolyzing lime (Ca(OH)2) and 77 

straw (rape straw or soybean straw), and were then used to quantify Cd2+ adsorption and reveal its 78 

binding mechanism. The purposes of the study are 1) to investigate the Cd adsorption 79 

performance and the contribution of different binding mechanisms of alkali-modified biochars 80 

produced from rape straw and soybean straw, respectively; and 2) to compare the different response 81 

to Cd2+ adsorption by two kinds of alkali-modified biochars.  82 

2. Materials and methods 83 

2.1. Materials  84 

 Rape straw and soybean straw were collected from an agricultural market in Nanjing. All 85 

chemicals were of analytical grade and all solutions were made with deionized water (DI). Cadmium 86 

nitrate (Cd(NO3)2·4H2O) and sodium nitrate (NaNO3) were purchased from Aladdin Biochemical 87 

Technology Co. , Ltd, Shanghai, China. Lime (Ca(OH)2) was purchased from Xilong Scientific Co., 88 
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Ltd, Guangdong, China. 89 

2.2. Biochar preparation 90 

 The dried rape and soybean straw were placed in a stainless steel reactor and heated in a muffle 91 

furnace under oxygen-limited condition at 450℃ for 2 h. The biochars originated from rape straw 92 

and soybean straw were referred to as RSB and SBB, respectively. The alkali-modified biochars 93 

were prepared by heating rape straw or soybean straw together with lime (Ca(OH)2) at 450 °C for 2 94 

h. Specifically, alkali-modified biochars were originated from rape straw or soybean straw mixed 95 

with Ca(OH)2 in a ratio of 1:0.028 (straw/Ca, w/w). The alkali-modified biochars derived from rape 96 

straw and soybean straw were referred to as Ca-RSB and Ca-SBB, respectively. The tested biochars 97 

were ground and passed through 0.5-mm sieve for later testing. The biochar samples were 98 

demineralized by rinsing with 1M HCl followed by washing with DI until the pH became constant 99 

(Wang, et al. 2015).  100 

2.3. Characterization of biochars 101 

 Biochars pH values were measured using a digital pH meter. Cation exchange capacity (CEC) 102 

was analyzed using ammonium acetate exchange method by flame spectrophotometer (Gaskin, et 103 

al. 2008), and dissolved organic carbon (DOC) was measured by total organic carbon analyzer (TOC) 104 

(Jena Multi N/C 2100) at a ratio of 1.0 g biochar in 20 mL DI water after 24 h equilibrium. Total C, 105 

H and N contents of biochars were determined by an elemental analyzer (Vario EL cube). The 106 

content of K, Ca, Na, Mg, P and S was determined by inductively coupled plasma-optical emission 107 

spectroscopy (ICP-OES) (Agilent 710). Specific surface area and pore properties of biochars were 108 

measured using a surface area and porosity analyzer (Micromeritics Tristar II 3020, USA). The 109 

characteristics of biochars are given in more details in Table S1.  110 



6 

 

The surface structure and morphology of all biochar samples were observed with a Scanning 111 

Electron Microscope (SEM, ZEISS GeminiSEM 500). Surface element analysis was conducted 112 

simultaneously with the SEM at the same surface locations using energy dispersive X-ray 113 

spectroscopy (EDS, AZtec X-Max 50). X-ray diffraction (XRD) patterns were collected using a 114 

powder X-ray diffractometer (XRD, X `Pert MPD) to determine possible mineral formation within 115 

the biochar. Fourier-transform infrared (FTIR) spectra (Nicolet 8700) were also collected in the 116 

400–4000 cm−1 range to identify the organic functional groups present in the biochars’ surface. 117 

2.4. Sorption experiments 118 

 Cadmium stock solution (1000 mg L−1) was prepared by dissolving cadmium nitrate 119 

(Cd(NO3)2·4H2O) in 0.01 mol L−1 NaNO3 solution. Adsorption kinetics experiments were carried 120 

out by adding 0.1 g biochar samples to 25 mL solutions containing 100mg L-1 Cd2+ agitated at a 121 

speed of 180 rpm. Each sample was extracted at different time intervals (5, 15, 30, 60, 120, 240, 480 122 

and 720 min). Sorption kinetics were evaluated at room temperature (25 °C) and the initial pH value 123 

was adjusted to 5.0 ± 0.05 by adding 0.1 M HNO3 or 0.1 M NaOH. Adsorption isotherm experiments 124 

were studied with initial Cd2+ concentrations in the range of 10–300 mg L−1 at pH 5.0 for 12h. 125 

Previously Cd-loaded biochars were shaken with 25 ml of 0.1 mol L−1 NaNO3 solution as desorbing 126 

agent at 25 °C for 12 h. The final suspensions were filtered by 0.45µm filter papers and the 127 

supernatant solution was separated for analysis of Cd2+ using flame atomic absorption 128 

spectrophotometer (FAAS, Persee A3, Beijing). Finally, the equilibrium sorption capacity Qe (mg 129 

g-1), the equilibrium desorption capacity Qd (mg g-1) and the desorption rate (% desorption) were 130 

calculated according to the following equations: 131 

Qe= (C0-Ce)*V/m (1) 
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Qd= (Cde-Cd0)*V/m (2) 

% desorption= Qd/ Qe*100% (3) 

where C0 and Ce are the initial and equilibrium concentration (mg L−1) during adsorption, and 132 

Cd0 and Cde are the initial and equilibrium concentration (mg L−1) during desorption, respectively. 133 

V is the volume (L) of the metal ion solution, and m is the mass (g) of biochar. 134 

 The adsorption kinetic was modeled by pseudo-first-order (Eq. (4)), pseudo-second-order (Eq. 135 

(5)) and particle diffusion kinetic equations (Eq. (6)), and the adsorption isotherm was simulated 136 

using Langmuir (Eq. (7)) and Freundlich (Eq. (8)) isotherm models: 137 

Qt = Qe (1-e-k1t)  (4) 

Qt=k2Qe
2t/(1+ k2Qet) (5) 

Qt=Kpt0.5+C (6) 

Qe/Qmax=BCe/(1+BCe) (7) 

Qe=KCe
1/n  (8) 

where Qe and Qt are the adsorption capacity (mg g-1) at equilibrium and time t, respectively. k1 138 

(h-1), k2 (mg g-1 h-1) and Kp (mg g-1 h-0.5) indicate the rate constants corresponding to the respective 139 

kinetic model. Ce is the residual Cd2+ concentration (mg L-1) at equilibrium. Qmax is the maximum 140 

adsorption capacity (mg g-1); B (L mg-1) and K (L g-1) are the rate constants corresponding to the 141 

respective isotherm model, and n represents the degree of nonlinearity between solution 142 

concentration and adsorption. 143 

2.5. The contribution of different adsorption mechanisms 144 

 As described in Section 2.4, 0.05g untreated-biochar and demineralized biochar were mixed 145 

with 25mL solutions containing 250mg L-1 Cd2+ , respectively. After adsorption, the concentrations 146 



8 

 

of K+, Ca2+, Na+, Mg2+ and Cd2+ in the filtrate were measured by fire photometer and FAAS. The 147 

biochars loaded with and without Cd2+ were prepared for a series of analysis such as SEM-EDS, 148 

XRD and FTIR. The adsorption capacity due to mineral precipitation (Qcmp), cation exchange (Qcme), 149 

functional groups complexation (Qco), Cd2+-π coordination  (Qcπ) and the total Cd adsorption 150 

capacity (Qct) were calculated according to Wang, et al. (2015) and Cui, et al. (2016). In more details: 151 

(i) Most of minerals in biochars were removed by using 1 M HCl solution. The adsorption 152 

capacity due to minerals Qcm (mg g-1) was calculated as the difference in adsorption capacity of Cd2+ 153 

between untreated and demineralized biochars (Eq. (9)). 154 

Qcm=Qct-Qca*Y (9) 

where Qca is the adsorption capacity of demineralized biochars (mg g-1) and Y is the yield of 155 

demineralized biochar from untreated biochar. 156 

(ii) Qcme was estimated by the net release of cations (K+, Ca2+, Na+, Mg2+) in solution before 157 

and after adsorption (Eq. (10)). 158 

Qcme =Qk +QCa +QNa +QMg (10) 

where Qk, QCa, QNa, QMg are the adsorption capacity by net release amount of K+, Ca2+, Na+ 159 

and Mg2+ during the Cd adsorption process, respectively (mg g-1). 160 

(iii) Cd2+ sorption on minerals was the result of interaction between ion exchange and mineral 161 

precipitation, so Qcmp could be obtained by the difference between Qcm and Qcme value: 162 

Qcmp=Qcm-Qcme (11) 

(iv) Qco was calculated by the difference in the pH value of demineralized biochars before and 163 

after the adsorption : 164 

Qco= Qco1*Y (12) 
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where Qco1 is the Cd2+ adsorption capacity by complexation with functional groups on 165 

demineralized biochars (mg g-1). 166 

(v) Cd2+ absorption on demineralized biochars was the result of interaction between Cd2+-π 167 

interaction and functional group complexation, so Qcπ could be obtained by the Qca value deducted 168 

the Qco value: 169 

Qcπ= Qa*Y- Qco (13) 

2.6. Statistical analysis 170 

All the experiments were conducted in triplicates. Test data are expressed as mean ± standard 171 

deviation and use Origin 2020b software to draw graphics. The significant difference was compared 172 

with the least square mean student’s t (P < 0.05) by JMP 11.0 (two-tailed).  173 

 174 

3. Results 175 

3.1. Cd2+ absorption on biochars 176 

3.1.1. Kinetics of Cd2+ absorption on biochars 177 

The Cd adsorption kinetics were presented in Fig. 1 and Table 1. SBB reached the maximum 178 

adsorption capacity within 8h. Compared with SBB, Ca-SBB had a faster adsorption rate for Cd and 179 

reached equilibrium within a few minutes (Fig. 1a). Similarly, the Cd2+ absorption on Ca-RSB raised 180 

rapidly in the first 30 min and reached adsorption equilibrium faster than RSB (Fig. 1b).  181 

The pseudo second order kinetic model matched the kinetic adsorption process of the tested 182 

biochars better with the highest R2 value (0.974≤R2≤0.999) (Table 1). The pseudo second order rate 183 

constant (k2) for Ca-SBB and Ca-RSB were 1117 times and 34 times higher than that for SBB and 184 

RSB, respectively.  185 
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 186 

Fig. 1 Sorption kinetic of Cd2+ on SBB, Ca-SBB (a) and RSB, Ca-RSB (b), respectively. Qt 187 

(mg g-1) is the amount of metal adsorbed per unit weight of adsorbent 188 

Table 1 The regression parameter of kinetics equation for the adsorption of Cd2+ onto biochars 189 

Biochars Pseudo-first-order model  Pseudo-second-order model  Particle diffusion equation 

 Qe k1 R2  Qe k2 R2  kp R2 

 mg g-1 h-1   mg g-1 g mg-1 h-1   mg g-1 h-0.5  

SBB 24.07 0.356 0.986  26.98 0.016 0.997  6.86 0.983 

RSB 16.33 0.509 0.965  18.51 0.040 0.974  5.24 0.927 

Ca-SBB 23.31 38.50 0.445  23.34 17.87 0.999  0.824 0.561 

Ca-RSB 21.58 15.60 0.831  22.28 1.343 0.981  1.40 0.548 

Note: Qe are the calculated data (mg g-1); k1, k2, kp is the rate constant for pseudo-first-order model 190 

(h-1), pseudo-second-order model (g mg-1 h-1) and particle diffusion equation (mg g-1 h-0.5) 191 

 192 

3.1.2. Isotherms of Cd2+ sorption on biochars 193 

 The adsorption isotherms of Cd2+ were illustrated in Fig. 2. At low Cd2+ concentrations, a sharp 194 

slope appeared. After that, the biochars became saturated reaching steady state conditions.  195 

The fitted parameters reported in Table 2 indicated that, the equilibrium sorption data of SBB 196 
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and Ca-SBB well fitted to the Langmuir model with R2 values than the Freundlich model. In 197 

particular, the Qmax value for Ca-SBB was 1.56 times larger than that for SBB. However, in the cases 198 

of the biochar samples RSB and Ca-RSB, both the Langmuir and Freundlich models display high 199 

R2 (>0.98) values. The Langmuir maximum sorption quantity (Qmax) of Cd2+ for Ca-RSB was about 200 

1.48 times greater than that for RSB. 201 

 202 

Fig. 2 Sorption isotherm of Cd2+ on SBB, Ca-SBB (a) and RSB, Ca-RSB (b), respectively. Qe 203 

(mg g-1) is the absorption capacity at equilibrium; Ce (mg L-1) is the equilibrium solution 204 

concentration  205 

 206 

Table 2 The regression parameters of Langmuir and Freundlich models for adsorption isotherm 207 

of Cd2+ onto biochars 208 

Biochars Langmuir parameters  Freundlich parameters 

 Qmax 

mg g-1 

B 

L mg-1 

R2  1/n K R2 

SBB 50.40 0.641 0.959  0.52 9.59 0.601 

RSB 33.79 0.845 0.996  0.27 11.63 0.994 
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Ca-SBB 78.49 1.70 0.983  0.22 30.09 0.941 

Ca-RSB 49.96 0.435 0.990  0.34 15.86 0.983 

Note: Qmax is the maximum adsorption capacity (mg g-1); B is the Langmuir constant concerned 209 

with the Cd absorption energy (L mg-1); N is the Freundlich constant concerned with surface 210 

heterogeneity; K is the Freundlich constant concerned with the Cd absorption capacity 211 

3.1.3. Desorption 212 

The distribution of desorption rates of Cd2+ was illustrated in Fig. 3. Compared to SBB and 213 

RSB, the average desorption efficiencies for Ca-SBB and Ca-RSB obtained with 0.1 mol L−1 NaNO3 214 

solution specifically decreased by 97.4% and 98.2%, respectively. 215 

 216 

Fig. 3 The distribution of desorption rates of Cd2+ onto biochars 217 

3.2. Relative distribution of adsorption mechanisms 218 

As shown in Table 3 and Fig. 4, Qcmp formed the biggest fraction in SBB, followed by Qco and 219 

Qcme, with 43.24%, 25.93% and 21.14% compared to the total adsorption, respectively. Conversely, 220 

Qcme accounted for the largest part in RSB, followed by Qcmp , with 43.00% and 31.69% in 221 

comparison with the total adsorption, respectively. After Ca(OH)2 modification, the Qcme value of 222 

Ca-SBB and Ca-RSB specifically increased by 162.0% and 217.4% compared to SBB and RSB, 223 

respectively. The contribution of Qcme to the total absorption of Ca-SBB and Ca-RSB increased from 224 
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21.14% and 43.00% to 34.93% and 61.91%, respectively. Moreover, Qcmp of Ca-SBB was the 225 

dominant value, since it increased by 82.73% compared to SBB. However, Qcmp value of Ca-RSB 226 

decreased by 23.50% compared to RSB. Furthermore, Qco value of Ca-SBB and Ca-RSB decreased 227 

by 13.14% and 15.74% compared to SBB and RSB, respectively. Still and all, the Qcπ value of Ca-228 

SBB decreased significantly compared to that of SBB, while the Qcπ value of Ca-RSB increased 229 

significantly compared to that of RSB. 230 

Table 3 Absorption capacity of Cd2+ by each mechanism on biochars (mean ± S.D., n=3) 231 

Biochar Qcme (mg g-1) Qcmp (mg g-1) Qco (mg g-1) Qcπ (mg g-1) 

SBB 11.55±0.05d 23.63±0.55b 14.16±0.30a 5.29±0.76a 

RSB 19.41±0.20c 14.30±1.79c 8.07±0.15c 3.36±0.10b 

Ca-SBB 30.26±0.72b 43.18±0.89a 12.30±0.23b 0.90±0.60c 

Ca-RSB 36.66±0.29a 10.94±0.35d 6.80±0.35d 4.81±0.75a 

Note: Absorption capacity of Cd2+ by ion exchange (Qcme), minerals precipitation (Qcmp), functional 232 

groups complexation (Qco) and Cd2+-π coordination (Qcπ) on biochars. Subscripts (a, b, c and d) 233 

indicate that the differences in the absorption capacity of Cd2+ by each mechanism on biochars in 234 

the same treatment is significant (P＜0.05) 235 

 236 
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 237 

Fig. 4 The contribution percentage of different mechanisms to Cd2+ sorption on biochars.  238 

 239 

4. Discussion 240 

The isotherm results indicated that SBB had greater adsorption capacity and lower desorption 241 

efficiency than RSB. The isotherm adsorption data of SBB conformed to Langmuir model, while 242 

that of RSB fitted both Langmuir and Freundlich model. It indicated that the Cd2+ adsorption on 243 

SBB followed a monolayer absorption mechanism, while on RSB it was not just monolayer, but it 244 

followed a multilayer absorption (Li, et al. 2017). The Freundlich constant 1/n is concerned with 245 

the surface inhomogeneity of the adsorbent. When 1/n is less than one, it is good for chemical 246 

adsorption, otherwise it is good for physical adsorption(Lin, et al. 2017). Because the 1/n value of 247 

RSB was 0.27, chemisorption was dominant in RSB.  248 

In SBB, Qcmp accounts for the largest proportion, followed by Qco and Qcme. Qcme contributed 249 

the most to the total adsorption of Cd2+ in RSB, followed by Qcmp. The tested biochars were scanned 250 

by XRD, SEM-EDS and FTIR before and after Cd2+ adsorption. Peaks of CdCO3 were found in 251 

XRD after Cd2+ adsorption both in SBB and RSB, indicating that the major precipitate was CdCO3 252 

(Fig. 5). Likewise, compared with SBB and RSB, white granular crystals were found in the SEM 253 

image of SBB+Cd and RSB+Cd, and elements detected by EDS spectrum mainly included Cd, C, 254 
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O and Ca (Fig. S1). 255 

Metal ions on the surface of the biochar can be directly electrostatically adsorbed, or form 256 

complexes with oxygen-containing functional groups (e.g., –COOM+, –OM+, –COOMOOC–, –257 

OMO–), or form precipitates with anions (e.g., CaCO3) (Yang, et al. 2019). These ions could be 258 

exchanged with Cd2 + during the sorption process. In RSB, the dominance of K+ were released, 259 

since the proportion of K+ contribution was 87.0% to Qcme in RSB. The total amount of K in RSB 260 

was 3.06 times larger than that in SBB (Table S1). Both XRD (Fig. 5) and SEM-EDS results (Fig. 261 

S1) also demonstrated that RSB was rich in K. Similar findings have been reported, suggesting the 262 

significance of ions exchange in Cd2+ adsorption (Huang, et al. 2020; Zhang, et al. 2015). 263 

Remarkably, ion-exchange has been reported to contribute up to 79.5% of Cd sorption by hyacinth 264 

biochar (Zhang, et al. 2015) and up to 44.49% by rice-husk biochars (Huang, et al. 2020). 265 

In addition, the oxygen-containing functional groups on the surface of biochar can adsorb 266 

cadmium through complexation (Xia, et al. 2019). FTIR was adopted to study the changes of 267 

functional groups before and after Cd2+ adsorption (Fig. S2). In general the large peak at 3400cm-1 268 

was H-bonded OH and the intense peak at 1600 cm-1 was esters C=O or aromatic C=C. The peak of 269 

1090 cm-1 was most probably concerned with lignin derivative C-O. In addition, the peak of 1270 270 

cm-1 was most probably concerned with carboxyl O-H, while the peak at 1385 cm-1 was related to 271 

phenolic O-H (Drosos, et al. 2014). The carboxyl O-H and phenolic O-H of SBB and RSB decreased 272 

after Cd adsorption. Besides, the Cd2+ coordination with π-bonds such as -CH and C=C was also 273 

the reason for Cd2+ adsorption on biochars (Wu, et al. 2019). The peak of 1450cm-1 was related to 274 

aliphatic C-H and the one of 1350cm-1 was possibly attributed to methyl C-H (R-O-CH3) (Drosos, 275 

et al. 2009; Drosos, et al. 2014; Sui, et al. 2020). The contribution of Qcπ to total absorption of SBB 276 
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and RSB were 9.69% and 7.44%, respectively (Fig. 4), indicating that Cd2+-π coordination 277 

influenced the Cd2+ adsorption mechanisms.  278 

The isotherm results also indicated that compared with the original biochar (SBB, RSB), alkali-279 

modified biochars (Ca-SBB and Ca-RSB) had greater adsorption capacities, faster adsorption 280 

kinetics and lower desorption efficiencies. However, it was interesting that the response mechanism 281 

of the two kinds of straw biochars to alkali modification was different.  282 

Ca(OH)2 modification both effectively enhanced the adsorption capacity resulted from ion 283 

exchange mechanism on SBB and RSB (Table 3 and Fig. 4). Cation exchange capacity (CEC) is a 284 

major indicator of Cd2+ adsorption when ion exchange is the predominant mechanism(Yang, et al. 285 

2019) . Higher CEC was obtained in alkali-modified biochars than the original biochars (Table S1). 286 

Consistently, good correlation was observed between Qcme and CEC (Fig. S3). The dominance of 287 

Ca2+ was found in Ca-SBB and Ca-RSB, since the contribution proportions of Ca2+ in Ca-SBB and 288 

Ca-RSB were 37.9% , 70.7% to Qcme, respectively, higher than that in SBB and RSB  (Table S2). 289 

Alkali-modified biochars also contained more Ca than the original biochars (Table S1). Moreover, 290 

metal ion exchange formed the biggest fraction in RSB and Ca-RSB. Although Ca(OH)2 291 

modification improved the ion exchange effect, the desorption rates of Ca-SBB and Ca-RSB were 292 

extremely low (Fig. 3). The reason for this may be due to the fact that the ions exchanged with 293 

cadmium derived mainly from organic complexes, containing functional groups, and mineral 294 

precipitation rather than from direct electrostatic attraction.  295 

After Cd2+ adsorption, peaks of CdCO3 were found in Ca-SBB and Ca-RSB (Fig. 5). CdCO3 296 

precipitation was also reported by Cui, et al. (2016). Likewise, compared with the original biochar, 297 

white granular crystals were observed in the SEM image of Cd-loaded biochars, especially SBB+Cd, 298 
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Ca-SBB+Cd and Ca-RSB+Cd. elements detected by EDS spectrum mainly included Cd, C, O and 299 

Ca (Fig. S1). In addition, minerals precipitation formed the biggest fraction in SBB and Ca-SBB 300 

(Table 3 and Fig. 4). Ca(OH)2 modification effectively enhanced the Qcmp value of SBB. However, 301 

the Qcmp value of Ca-SBB decreased significantly compared to that of SBB. Differences of Qcmp 302 

between SBB and RSB after modification were related to the elemental and mineral composition 303 

differences of RSB and SBB. For example, SBB contained more Ca and soluble CO3
2- than RSB, 304 

while RSB had more K than SBB (Table S1). The XRD patterns indicated that CaCO3 and CaHPO4 305 

were the main crystals in SBB, while KCl and CaCO3 were the main crystals in RSB. After Ca(OH)2 306 

modification, the main compound for Ca-SBB was CaCO3, while for Ca-RSB the main compounds 307 

were both CaCO3 and KCl (Fig. 5). SBB had higher pH than RSB. Ca(OH)2 modification effectively 308 

enhanced the pH value of SBB, but had no significant effect on RSB (Table S1). The pH value is an 309 

important indicator of Qcmp . Consistently, good correlation was observed between Qcmp and pH (Fig. 310 

S4).  311 

Ca(OH)2 modification remarkably decreased Qco because of the changes of functional groups 312 

such as -OH, and –COOH (Fig. S2). Ca-SBB had less carboxylic OH than SBB, since Ca would 313 

bind carboxyl groups. However, it had more phenolic OH than SBB, which revealed structural 314 

differences due to the alkali modification. Ca-RSB had less carboxylic OH and phenolic OH than 315 

RSB, which showed a difference in structure from SBB and also different mechanism of the biochar 316 

formation due to the Ca(OH)2 modification. After the Cd2+ interaction, the band intensities of 317 

carboxylic OH as well as phenolic OH were decreased for SBB, Ca-SBB and RSB. Therefore, 318 

functional groups such as -OH, and -COOH, seem to be mainly responsible for Cd2+ complexation. 319 

However, following Cd absorption in Ca-RSB, only the band intensity of phenolic OH was 320 
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decreased, while carboxylic OH was not further reduced. This finding suggested that Cd application 321 

may result in Ca desorption and Cd adsorption in the material but the overall carboxylate binding 322 

balance remained unchanged. This result was in line with the adsorption mechanism presented in 323 

Table 3, which showed that cation exchange was the main mechanism of Cd binding in Ca-RSB 324 

(36.66 mg g-1). The contribution of Qcπ to the total absorption of the tested biochars was in the range 325 

of 1.02% to 9.06% (Fig. 4), indicating that Cd2+-π coordination influenced the Cd2+ adsorption. As 326 

a matter of fact, Qcπ value of Ca-SBB was much lower than that of Ca-RSB (Table 3). The reason 327 

for this change was the chemical alteration of RSB after modification as revealed by the C/N ratio 328 

differences between RSB and Ca-RSB (Table S1). Actually the C/N ratio for Ca-RSB was almost 329 

2.6 times higher than that of RSB (Table S1).High C/N ratio is the result of a hydrophobic material, 330 

not accessible to microbial decay (Brust 2019). 331 

 332 

Fig. 5 XRD spectra of SBB, Ca-SBB (a) and RSB, Ca-RSB (b) before and after Cd2+ 333 

adsorption, respectively 334 

 335 

5. Conclusions 336 

Compared with the original biochar (SBB, RSB), alkali-modified biochars (Ca-SBB and Ca-337 

RSB) had greater adsorption capacities, faster adsorption rates and lower desorption efficiencies. 338 
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The Cd2 + absorption mechanism of the tested biochars mainly included mineral co-precipitation, 339 

ion exchange, complexation with functional groups and Cd2+-π coordination. Ion exchange and 340 

precipitation mechanisms dominated Cd2 + sorption on RSB, while precipitation and functional 341 

groups complexation mechanisms dominated Cd2 + sorption on SBB. After Ca(OH)2 modification, 342 

the interaction between Cd2 + and minerals (precipitation and ion exchange) was the main Cd2+ 343 

adsorption mechanism on alkali-modified biochars (Ca-SBB, Ca-RSB). Also, the response 344 

mechanism of the two kinds of straw biochars to alkali modification was different. These findings 345 

suggest that alkali-modified biochars exhibit a great potential for heavy metal remediation.  346 
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Figures

Figure 1

Sorption kinetic of Cd2+ on SBB, Ca-SBB (a) and RSB, Ca-RSB (b), respectively. Qt (mg g-1) is the amount
of metal adsorbed per unit weight of adsorbent

Figure 2

Sorption isotherm of Cd2+ on SBB, Ca-SBB (a) and RSB, Ca-RSB (b), respectively. Qe (mg g-1) is the
absorption capacity at equilibrium; Ce (mg L-1) is the equilibrium solution concentration



Figure 3

The distribution of desorption rates of Cd2+ onto biochars



Figure 4

The contribution percentage of different mechanisms to Cd2+ sorption on biochars.



Figure 5

XRD spectra of SBB, Ca-SBB (a) and RSB, Ca-RSB (b) before and after Cd2+ adsorption, respectively
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