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Abstract 23 

For forming adsorbents, the stability of cyclic adsorption is as important as the 24 

adsorption properties. In this work, A shell-type self-assembled mineralized adsorbent 25 

based on Ca-alginate was synthesized for Hg(II) adsorption. The synthesis process 26 

consists of gelation of Ca-based spherical polymer template (CAB) and rate-controlled 27 

self-assembly mineralization in bicarbonate solution. A shell-type porous crystal layer 28 

is proved to be formed on the surface of the organic polymer template by rate-controlled 29 

self-assembly mineralization. The single-factor experiment demonstrates that 1% 30 

(MCAB-1) is the optimal concentration of bicarbonate. A maximum adsorption 31 

capacity, 48 ± 4 mg/g of MCAB-1 was observed at a pH = 5 in batch test, which was 32 

2.67 times that of the unmodified one, CAB, 18 ± 1 mg/g. Long duration (10 h) 33 

adsorption tests showed that MCAB-1 exhibited remarkable performance stability and 34 

anti-wear ability (43.2 % removal efficiency and 74.3 % mass retention, compared to 35 

2.7 % and 38.6 % of CAB at pH = 3, respectively). The results show that the adsorption 36 

and wear resistance of the modified materials are improved obviously. 37 

Keywords: Hg(II) adsorption; Ca-alginate; forming absorbent; shell-type; self-38 

assembly mineralization 39 

1. Introduction  40 

Nowadays, human health is seriously menaced by heavy metal emissions[1–5]. 41 

Mercury contamination of wastewater especially from coal combustion[6,7], and gold 42 

mining, including divalent mercury (Hg(II)) and methyl mercury (Me-Hg), is an 43 
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extreme threat to human health because of bioaccumulation in the food chain[8–10]. 44 

Therefore, the treatments for mercury-contaminated wastewater have attracted wide 45 

attention in recent decades[11,12]. The maximum contaminant level (MCL) for 46 

mercury in potable water proposed by the World Health Organization (WHO) and U.S. 47 

Environmental Protection Agency (EPA) is set under 0.001 mg/L[13]. Several physical 48 

and chemical methods, such as precipitation, coagulation, ion exchange, 49 

electrochemical methods, adsorption, membrane processes, and ultra-filtration, have 50 

been developed to overcome this problem[11,13,14]. Among them, adsorption is the 51 

most widely used because of remarkably high efficiency, easy access & operation, and 52 

relatively low cost. The development of adsorbents with high efficiency and 53 

environmental protection for specific pollutants is still one of the dominant directions 54 

of wastewater treatment technology[11,13,15]. 55 

Traditional adsorbents are mainly powder particles. For example, the dominated 56 

commercial adsorbents used for heavy metals treatment in sewage are activated carbon 57 

powders and their derived products nowadays. Hadi et al. reviewed the research status 58 

of aqueous mercury adsorption by activated carbons[16]. Serval aspects including 59 

preparation of activated carbon, effect of treatment techniques on mercury removal 60 

(physical and chemical activation, sulfurization), effect of adsorption parameters 61 

(equilibrium contact time, initial concentration, pH value, temperature, adsorption 62 

dosage, and particle size), functional groups, and equilibrium adsorption isotherms 63 

were exhaustively reviewed. Moreover, activated carbon derived from various biomass 64 
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is reported, such as rice hulls[17], coconut shell[18], apricot stone[19], apple peels[20], 65 

pecan shell[21], and so on. In addition to activated carbon, various biomass or 66 

microorganisms are also potential feedstock of heavy metal adsorbents, including 67 

chitosan[22–27], bacteria[28–35], fungus[36,37], algae[38–42], and so on.  68 

The adsorption materials with excellent properties can be obtained by selecting 69 

different raw materials and corresponding modification methods. However, there are 70 

some fatal problems in the large-scale commercial utilization of powder adsorbents. 71 

Firstly, in the application process of powder adsorbent, rapid and efficient separation is 72 

often required, which inevitably leads to the improvement of energy consumption and 73 

operation cost. Meanwhile, the recovery efficiency of the adsorbent is relatively low. 74 

Given this, the immobilization of adsorbents is quite essential for heavy metals 75 

treatment in sewage[43–45]. One of the most widely employed materials is Ca-alginate, 76 

which is an ideal forming matrix by the classical “egg-box” model[46]. However, the 77 

adsorption capacity of calcium alginate itself is extremely low. To obtain the satisfied 78 

adsorption capacity, it is necessary to load additional functional materials with excellent 79 

adsorption performance, which will inevitably lead to a significant increase in the 80 

preparation cost of the adsorbent. It is a challenge that slashing the costs while retaining 81 

the forming and adsorption properties.  82 

At the same time, calcium alginate is a cross-linked organic polymer formed by 83 

the chelation of calcium ions. The structure and stability of the materials are seriously 84 

affected by the decomposition of the long-chain polymer group under strong acid 85 
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conditions because metal ions are easily replaced by hydrogen ions. The damage of this 86 

structure will seriously reduce the stability and repeatability of adsorbent in industrial 87 

utilization. Therefore, it is necessary to evaluate the long-duration adsorption stability 88 

of the forming adsorbent in the solid-liquid environment.  89 

Given this situation, a self-assembly mineralization method to modify the calcium 90 

alginate beads is proposed in this work, aiming to remarkably improve the adsorption 91 

capacity while maintaining the structural stability of the material. The characterization 92 

of the modified beads was conducted by BET, XRD, FTIR, and stereoscopic 93 

microscope analysis. The performance of the Hg(II) adsorption process was assessed 94 

by the Hg(II) isotherms and kinetic adsorption analysis. Furthermore, the material 95 

structural stability was assessed by long-duration adsorption tests. 96 

2. Experiment & methods  97 

2.1 Chemicals and material preparation  98 

2 g sodium alginate (Aladdin Ltd., AR, China) powder was dissolved in 100 mL of 99 

deionized water followed by being stirred for 40 min at 85 °C. After that, the sodium 100 

alginate sol was dropped into 2% wt. CaCl2 (Aladdin Ltd., AR, China) solution by a 101 

syringe pump to form a kind of spherical Ca-based polymer, Ca-alginate beads (raw 102 

sample, named as CAB). These hydrogel beads were then impregnated and mineralized 103 

by 100 mL of NH4HCO3 solutions (Aladdin Ltd., AR, China) with certain 104 

concentrations (0.5%, 1%, and 1.5% wt., which were named as MCAB-0.5, MCAB-1, 105 

and MCAB-1.5, respectively) in the stable temperature oscillation shaker at 150 rpm 106 
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for certain hours. After that, these samples were washed subsequently until Ca2+ and 107 

Cl- ions are undetected in the leachates, followed by drying in a freezer dryer for tests 108 

(80 Pa, -50 °C).  109 

2.2 Morphological characterization 110 

A high-megapixel camera (D5200, Nikon, Japan) was adopted to observe the 111 

changes in the surface morphology before and after modification. The sectional views 112 

and micro-topography were obtained separately by a stereomicroscope (Stemi 508, Carl 113 

Zeiss, Germany). The surface area and pore size distribution were tested by the BET 114 

method, which was conducted at 77 K in an N2 atmosphere by an ASAP 2460 115 

instrument (Micromeritics, USA) after drying at 120 °C for 12 hours. In addition, a 116 

VERTEX 70 FTIR system (Bruker, German) with the ATR method was used to 117 

investigate the changes in functional groups during adsorption. X-ray diffraction (XRD, 118 

Cu Kα radiation, Empyrean, PANalytical B.V.), was employed to observe the 119 

composition in the surface morphology of the adsorbents, with 2θ ranging from 10° to 120 

80°.  121 

2.3 The verification of adsorbent uniformity  122 

Given that the larger particle sizes of raw and modified samples than that of 123 

commercial adsorbent powders in this work, the average mass of the materials should 124 

be measured to ensure the uniformity of the materials selected in the subsequent parallel 125 

experiments. A random sampling method was adopted for uniformity measurement: 10 126 

groups, 5 spherical particles in each group, were selected randomly from each sample. 127 
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The single bead mass mij of each group of samples was measured (i was the serial 128 

number of the sampling group, j was the serial number of single bead in each group, 1≤ 129 

i ≤10, 1≤j≤5). The average mass Mi and error level ei of each group of samples can be 130 

obtained as: 131 

 

5

ij

j=1

i

m

M =
5


 (1) 132 

 

5

ij i

j=1

i

(m - M )

e =
5


 (2) 133 

2.4 Batch adsorption testing 134 

A standard solution of Hg(II) (1000 mg/L, GR, Aladdin Ltd.) was used as the metal 135 

stock solution. Daily dilutions were carried out to obtain the desired concentration. 136 

Although it was proven that the temperature of the aqueous system affected the binding 137 

ability of heavy metals for some adsorbents[47–49], the pH value, metal ion 138 

concentration, and adsorbent dosage were still the dominant influencing factors for the 139 

adsorption process[50]. The temperature in this study was fixed at 30 °C, which was 140 

consistent with the actual industrial operation[51].  141 

Batch adsorption testing was conducted in conical flasks, which contained 142 

approximately 10 mg of adsorbent and a corresponding volume of Hg(II) ion solution 143 

for various solid-to-liquid ratios (0.1, 0.3, 0.5 1, 3, 5, 10 g/L) and stirring at 150 rpm. 144 

The effect of different pH values on the adsorption was evaluated by controlling the 145 

initial pH values to be 3.07, 4.07, 5.01, and 6.06, which was achieved by mixing 0.1 146 
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mol/L HNO3 and NaOH solutions. The study of the adsorption isotherms was carried 147 

out with a variety of initial ion concentrations (1, 2, 5, 10, 15, 20, 25 mg/L) under the 148 

optimal conditions. For the adsorption kinetics study, two groups with 1 mL Hg(II) 149 

solution were prepared for kinetics testing. Sampling was arranged at 2, 5, 10, 30, 60, 150 

120, and 180 min, respectively. The initial pH and dosage were fixed at the optimal 151 

conditions according to the tests above. The mixed solutions after adsorption were 152 

centrifuged and filtered by a 0.45 microporous membrane filter and then tested by an 153 

inductively coupled plasma optical emission spectrometry (ICP-OES) system 154 

(SPECTRO ARCOS, German). Each case was tested 3 times to ensure accuracy.  155 

The equilibrium adsorption capacity of the adsorbent was calculated by the 156 

following formula[52]: 157 

 0( )e
e

C C V
q

m

 
  (3) 158 

where e
q  was the equilibrium adsorption capacity in mg/g, 0C  and e

C  were the 159 

initial and equilibrium Hg(II) solution concentrations in mg/L, respectively, V  was 160 

the volume of Hg(II) solution in L and m  was the mass weight of adsorbent in g. 161 

To evaluate the Hg(II) removal efficiency of adsorbent, another formula was applied 162 

as follows:  163 

 
0

0

( )
100%t

C C

C
 
   (4)  164 

where    was the removal efficiency of adsorbent in % at time t, t
C  was the 165 

concentration of Hg(II) in mg/L at time t, and 0C   was the same parameter as 166 

mentioned in equation (3).  167 
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2.5 Adsorption stability evaluation of adsorbents 168 

Long duration (10 h) adsorption tests were conducted in one 500 mL conical flask 169 

containing 300 adsorbent beads and a certain volume of 1 mg/L Hg(II) ions solution 170 

(optimal solid-liquid ratio maintained) at 30 °C with various pH values, to simulate the 171 

harsh corrosion conditions. After each hour, 3 mL solution and 3 adsorbent beads were 172 

sampled for analysis until the test finished. Two parameters, the variation of adsorption 173 

capacity and mass weight, were employed to assess the stability of MCAB for Hg(II) 174 

adsorption in the liquid system.  175 

3. Results and discussion 176 

3.1 Sample characterization  177 

The sectional views of four samples were observed by the stereomicroscope, as 178 

shown in Fig. 1. The images show that the unmodified bead shows a loose network 179 

structure. This is due to the crosslinking reaction between calcium ions and alginate 180 

polymers. However, this structure could be easily decomposed by ion exchange, ligands 181 

exchange, or hydrogen-bond interactions in an aqueous phase[53]. In comparison, a 182 

dense homogeneous shell is formed on the surface of the modified pellet. Combined 183 

with XRD spectra shown in Fig. S1, there is a mineralized calcium carbonate layer on 184 

the surface of the shell-type calcium alginate sphere. This is due to the confined 185 

crystallization between calcium and carbonate ions from the bicarbonate secondary 186 

ionization[54]. As for bicarbonate, the secondary ionization constant is much fainter 187 

than the first secondary ionization constant, this determined that the surface 188 



 

12 

 

mineralization process of calcium alginate would be milder due to the relatively slow 189 

release of carbonate[55]. The concentration of bicarbonate solution was determined to 190 

be a significant factor in the formation of the mineralized shell. From the cross-section 191 

of modified samples in Fig. 1, lower concentration (0.5 % wt.) could lead to forming 192 

an irregular mineralized layer, while higher concentration (1.5 % wt.) could result in 193 

reuniting and oversaturated crystallization[56].  194 

 195 

Fig. 1 Sectional views of CAB and the three MCAB samples 196 

Table 1 exhibits the porous characteristics of CAB, MCAB-0.5, MCAB-1, and 197 

MCAB-1.5 by BET analysis. The specific surface area of MCAB-1, 15.319 m2/g, is 198 

proven to be the highest among these four samples compared with those of CAB, 8.201 199 

m2/g; MCAB-0.5, 12.972 m2/g; and MCAB-1.5, 14.772 m2/g, respectively. However, 200 

both the pore volume and average pore size of CAB are slightly larger than that of the 201 

modified samples, which might be due to the blocking of the network structure on Ca-202 

alginate polymers by the formation and growth of crystal layers[57]. In this work, 1 % 203 

of NH4HCO3 was proven to be the optimal concentration for mineralization. 204 
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Sample BET surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Average pore width 

(nm) 

CAB 8.201 0.013 6.361 

MCAB-0.5 12.972 0.009 5.992 

MCAB-1 15.319 0.007 5.672 

MCAB-1.5 14.772 0.006 5.773 

Table 1 BET analysis for CAB, MCAB-0.5, MCAB-1, and MCAB-1.5 205 

 206 

Fig. 2 Statistical analysis of the average mass of the single adsorbent particle 207 

The statistically mean mass weight of four samples is shown in Fig. 2. The average 208 

mass weight of single CAB, MCAB-0.5, MCAB-1 and MCAB-1.5 bead is 1.157 ± 209 

0.038 mg, 1.250 ± 0.043 mg, 1.256 ± 0.048 mg and 1.340 ± 0.073 mg, respectively. 210 

The mass weight of a single modified bead increases with the increase of the 211 
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impregnation concentration of NH4HCO3. Moreover, the mass of each sample is 212 

statistically constant within approximately 5% error, which implies that the total 213 

sampling quality is in liner with the number of sampling beads. The quality difference 214 

between the adsorbent pellets in the same sample is negligible. 215 

3.2 Effect of single-factor on the Hg(II) adsorption efficiency  216 

3.2.1 Effect of dosage 217 

 218 

Fig. 3 Effect of the dosage on the Hg(II) adsorption efficiency (initial Hg(II) 219 

concentration = 1 mg/L, oscillation time = 180 min, pH = 5, temperature = 30 °C) 220 

It is widely reported that the dosage of adsorbent has significant impacts on the 221 

capability as well as the economical efficiency of metal adsorption. Given that the 222 

dispersibility of large particle forming adsorbent is not as good as that of powder 223 

materials, it is necessary to adjust the solid-liquid ratio to meet the requirement of 224 

higher adsorption efficiency[8,58,59]. Fig. 3 gives the effect of dosage on the Hg(II) 225 

adsorption efficiency of CAB and the three MCAB samples. With the increase of 226 
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dosage from 0.1 g/L to 1 g/L, the efficiency of each sample increased remarkably. 227 

Among them, the efficiency of MCAB-0.5, MCAB-1, and MCAB-1.5 increased from 228 

36.3.4 ± 3.2 %, 43.2 ± 2.5 %, and 39.3 ± 2.4 % to 78.4 ±2.1 %, 84.3 ± 3.7 %, and 82.2 229 

± 2.5 %, respectively, compare to that of CAB, from 12.4 ± 1.2 % to 21.6 ± 3.5 %. This 230 

indicates that the modified samples can provide more adsorption sites under the same 231 

dosage. Further increased the dosage from 1 g/L, the tendency of efficiency 232 

improvements slowed down significantly, which implied that the adsorption sites tend 233 

to be saturated and the adsorption system gradually reaches dynamic 234 

equilibrium[49,60].  235 

3.2.2 Effect of pH 236 

 237 

Fig. 4 Effect of pH on the Hg(II) adsorption efficiency (initial Hg(II) concentration = 238 

1 mg/L, oscillation time = 180 min, dosage = 1 g/L, temperature = 30 °C) 239 

pH (especially acidic pH condition) is a very important influence variable in the 240 

adsorption process because it not only affects the adsorption efficiency but also has a 241 
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great influence on the stability of the material. As shown in Fig. 4, the adsorption 242 

efficiency increased from pH = 3 to pH = 5 followed by slightly decline from pH = 5 243 

to pH =6. To be specific, the efficiency of MCAB-0.5, MCAB-1, and MCAB-1.5 244 

increased from 38.9 ± 2.3 %, 58.1 ± 0.9 %, and 53.2 ±1.2 % at pH = 3 to 84.2 ± 3.1 %, 245 

89.7 ± 3.3 %, and 83.3 ± 2.3 % at pH = 5, and then decreased to 81.7 ± 4.2 %, 84.1 ± 246 

3.2 %, and 82.1 ± 3.1 % at pH = 6, respectively. Comparing the modified samples, the 247 

efficiency of CAB increased from 11.2 ± 0.7 % at pH = 3 to 19.2 ± 0.7 % at pH = 5, 248 

then decreased to 17.1 ± 0.8 % at pH = 6. This trend is mainly due to the competitive 249 

adsorption of H+, H3O+, and heavy metal ions under different pH conditions. Under low 250 

pH conditions, H+ and H3O+ occupy the adsorption sites on the adsorbent surface, 251 

resulting in the inhibition of Hg(II) during the adsorption process. With the increase of 252 

pH, the competitive effect is gradually weakened due to the decrease of H+ and the 253 

increase of OH- in the system. However, under the condition of relatively high pH, 254 

Hg(II) is partially converted into neutral or electronegative hydroxides due to 255 

hydrolysis, which is also unfavorable for the binding of electronegative functional 256 

groups such as hydroxyl and carboxyl groups on the adsorbent surface[61].  257 

According to the single-factor variable control experiment, it can be seen that 258 

under the same conditions, both the adsorption ability and environmental tolerance of 259 

the mineralized modified samples are significantly better than the original samples. To 260 

maximize performance, the combination of 1 g/L, pH = 5 is demonstrated as the optimal 261 

operation condition.  262 
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3.3 The assessment of adsorbent performance in batch adsorption 263 

3.3.1 Kinetics analysis 264 

Pseudo first and second order[62] models were used to describe the kinetic process. 265 

The pseudo-first-order model[63] can be expressed as follows: 266 

 1(1 )
k t

t e
q q e

  . (5) 267 

where t in min is the contact time between the solid and aqueous phase, e
q  in mg/g is 268 

the adsorption capacity of the adsorbent at equilibrium, t
q  in mg/g is the adsorption 269 

capacity of the adsorbent at time t, and 1k   in min-1
 is the pseudo-first-order rate 270 

constant. 271 

The pseudo-second-order model[62] can be presented as:  272 

 
2

21

e
t e

e

q k t
q q

q k t



 (6) 273 

where e
q , t

q  and t  are the same parameters as in equation (5) and 2k  in g/mg∙min 274 

is the pseudo-second-order rate constant. 275 

 276 

Fig. 5 Adsorption kinetics models (pH = 5, initial Hg(II) concentration = 1 mg/L, 277 

adsorbent dosage = 1 g/L, temperature = 30 °C) 278 

The experimental data fitting with two kinetic models was shown in Fig. 5 The 279 
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relevant parameters were calculated (shown in Table S1) using Eqs. (5) and (6). The 280 

correlation coefficients (r2) indicate that both models are well fitted to the experimental 281 

data. Nonetheless, comparing with pseudo-second-order model (R2= 0.994 ± 0.002, 282 

0.991 ± 0.004, 0.993 ± 0.001, and 0.998 ± 0.006), the pseudo-first-order model (R2= 283 

0.994 ± 0.002, 0.991 ± 0.004, 0.993 ± 0.001, and 0.998 ± 0.006 for CAB, MCAB-0.5, 284 

MCAB-1, and MCAB-1.5, respectively) slightly underestimates the metal uptake of 285 

Hg(II) by both adsorbents and is inaccurate to characterize the kinetic mechanism. 286 

Furtherly, the equilibrium capacity are 0.18 ± 0.01、0.57 ± 0.01、0.79 ± 0.01, and 0.78 287 

± 0.02 for CAB, MCAB-0.5, MCAB-1, and MCAB-1.5, respectively, calculated by the 288 

pseudo-second-order fitting model. This indicates that the intrinsic adsorption capacity 289 

was improved obviously by self-assembly mineralization. Based on the comparison of 290 

adsorption rate constants of the pseudo-second-order model, i.e. k2 (MCAB-0.5) < k2 291 

(MCAB-1.5) ~ k2 (MCAB-1) << k2 (CAB), implying that the adsorption rate was 292 

significantly improved by modification. As for the relatively higher k2 of MCAB-0.5 293 

compared to the other two modified samples, this probably is due to the lower 294 

adsorption capacity requiring a shorter time to reach equilibrium. 295 

3.3.2 Adsorption isotherms 296 

Langmuir and Freundlich's modes were applied to calculate the isotherm parameters. 297 

The Langmuir isotherm is described by the following equation[52]: 298 

 
1

m L e
e

L e

q k C
q

k C



 (7) 299 

where e
q   is the equilibrium capacity of the adsorbent in mg/g, e

C   is the 300 
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concentration of Hg(II) ions in the liquid at equilibrium in mg/L, and m
q in mg/g is the 301 

maximum adsorption capacity of the adsorbent by calculation. L
k  , the so-called 302 

Langmuir isotherm adsorption constant in L/mg, refers to the bonding energy of 303 

sorption.  304 

The Freundlich isotherm model[52] is expressed by the following equation: 305 

 
1/

F

n

e e
q K C  (8) 306 

where FK  in (mg/g)(1/mg)1/n is the Freundlich constant and e
q  , e

C  are the same 307 

variables as in equation (7). 308 

 309 

Fig. 6 Adsorption isotherm fitting curves (pH = 5, oscillation time = 180 min. 310 

adsorbent dosage = 1 g/L, test temperature = 30 °C) 311 

The surface properties and affinities of the adsorbent can be expressed by certain 312 

constants that characterize the adsorption isotherms, presented in Fig. 6. The Langmuir 313 

adsorption isotherm constants (qm and KL), Freundlich isotherm constants (KF), and 314 

correlation coefficients (R2) for the adsorption of Hg(II) on the adsorbents are presented 315 

in Table S2. The maximum capacity qm determined from the Langmuir isotherm 316 

indicates the limiting capacity of the absorbent for Hg(II) ions. It was found that the 317 
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maximum capacity qm for the MCAB-1 sample of 48 ± 1 mg/g was much higher than 318 

that for CAB of 18 ± 1 mg/g. The correlation coefficients (R2) for MCABs and CABs 319 

show that the Langmuir isotherm model is properly used to describe both adsorbents, 320 

which indicates that mono-layer adsorption of heavy metal ions is formed on the outer 321 

surface of adsorbents[47].  322 

The Freundlich model is used to characterize the adsorption on a heterogeneous 323 

surface and is not limited to mono-shell formation. However, the values of the 324 

correlation coefficients (R2) calculated by the Freundlich isotherm model (0.970 ± 325 

0.006, 0.968 ± 0.003, 0.965 ± 0.003, and 0.960 ± 0.009) are lower than those from 326 

Langmuir model (0.996 ± 0.002, 0.995 ± 0.004 , 0.998 ± 0.003, and 0.999 ± 0.006 for 327 

CAB, MCAB-0.5, MCAB-1, and MCAB-1.5, respectively), which indicates that the 328 

Freundlich model is unacceptable for describing the adsorption process. 329 

On account of the comparison of adsorption kinetics and isothermal adsorption 330 

model fitting, it can be obtained that self-assembly mineralization modification can 331 

conspicuously improve the adsorption rate of materials as well as the binding efficiency 332 

of adsorption sites, and significantly promotes the improvement of the adsorption 333 

capacity of materials. 334 

3.4 The evolution of functional groups during batch adsorption 335 

FTIR measurements on MCABs and CABs before and after Hg(II) adsorption were 336 

investigated as well (shown in Fig. S3). The bands at 3266 cm-1 in the sample (a) were 337 

attributed to the hydroxyl stretching vibration mode. The same results were reflected 338 
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for (b) at 3193 cm-1, (c) at 3206 cm-1, and (d) at 3185 cm-1, which were observed to 339 

move to lower frequencies because of the hydrogen-bond interaction during the 340 

impregnation and adsorption. The weak bands observed at 2925 and 2852 cm-1 for 341 

sample (a) were due to the symmetric and asymmetric stretching bands of -CH2, which 342 

moved to 2988 and 2910 cm-1 along with 2995 and 2921 cm-1 for samples (b) and (d), 343 

respectively. The bands at 1598 and 1415 cm-1 for sample (a) were attributed to the 344 

symmetric and asymmetric stretching bands of -COO- groups, which shifted to 1590 345 

and 1410 cm-1 for both (b) and (d), while they disappeared for sample (c). The wide 346 

peak at 1414 cm-1 for sample (c) was found to be the asymmetric variable angle 347 

vibration of NH4
+ ions due to the NH4HCO3 coating. The C-O-C stretching vibration 348 

peak was observed at 1028 cm-1 for all four of these samples and declared that the 349 

condensation between monomer G and M blocks cannot be interrupted by either 350 

NH4HCO3 modification or Hg(II) adsorption. Additionally, it is found that the outer 351 

bending vibration peak of CaCO3 was observed at 882 cm-1 for sample (c), which 352 

indicated that Ca2+ ions trapped by -COO- in polymers before modification might be 353 

grabbed by hydrolyzed CO3
2- ions from NH4HCO3 to further form the CaCO3 354 

microcrystalline structure[64], which is consistent with the study mentioned above.  355 

3.5 Effect of mineralization on the stability of the adsorption efficiency and material 356 

structure  357 

Long-duration (10 h) adsorption was conducted to investigate the effect of 358 

mineralization on the stability of the adsorption efficiency and retardation of material 359 
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wear. Fig. 7 shows the changes of mass weight and adsorption efficiency during long-360 

duration adsorption at pH =3. Both two indices of all samples decreased as the 361 

adsorption progress. Specifically, after 10 h adsorption, the mass weight of CAB, 362 

MCAB-0.5, MCAB-1, and MCAB-1.5 were 38.6 %, 61.2%, 74.3% and 74.3% of each 363 

initial mass, respectively. Meanwhile, the efficiency of these four sample decreased 364 

from 10.1 %, 38.2 %, 57.4 %, and 56.4 % to 2.7 %, 21.4 %, 43.2 %, and 39.7 %, 365 

respectively. In addition, the dynamic changes of quality and efficiency indicate that 366 

there is a positive correlation between them. This improvement indicated that 367 

mineralization not only improved the adsorption efficiency but also enhanced the 368 

stability of adsorbent performance. 369 

 370 

Fig. 7 Mass weight and adsorption efficiency during  adsorption process (pH = 3, 371 

initial Hg(II) concentration = 1 mg/L, dosage = 1 g/L, temperature = 30 °C) 372 

In another assessment result, macroscopic morphological changes for CAB and 373 

MCABs are represented in Fig. S2. For CAB, the raw bead is a ball with good sphericity. 374 

After 10 h of adsorption, different degrees of disintegration are observed in various pH 375 



 

23 

 

conditions. At a pH = 3, the bead is collapsed, which is in accordance with the weight 376 

ratio tests. After mineralization, the surfaces of raw modified beads, MCAB-0.5, 377 

MCAB-1, and MCAB-1.5, are whiter and more substantial compared with CAB. 378 

Additionally, the completeness of the materials is much better than that of CAB. The 379 

concentration of NH4HCO3 shows a dominant effect on morphological changes. This 380 

is mainly because various carbonate concentration leads to different calcium carbonate 381 

crystallization rate in the growth process of microcrystalline so that the structure bears 382 

a different degree of local stress in the confined crystallization process. As the 383 

mineralization unit grows, the stress changes the local structure more obviously, and 384 

finally leads to different macroscopic mineralization layers[64].  385 

3.6 Mechanism of mercury adsorption by self-assembly mineralized shell-type 386 

adsorbent  387 

The initial structure of calcium alginate beads is a macromolecular reticular 388 

polymer that is cross-linked by calcium ions. With the impregnation of NH4HCO3, the 389 

calcium ions and carbonate ions produced by ammonium bicarbonate secondary 390 

hydrolysis were gradually combined and crystallized by self-assembly mineralization. 391 

Due to the existence and hindrance of the uronic acid polymer chain, the mineralized 392 

crystallization is gradually transformed to the confined crystallization, leading to the 393 

formation of a large number of amorphous calcium carbonate mineralized layers. 394 

Moreover, with the calcium ions in the outer layer of the microsphere mineralized firstly, 395 

the difference between internal and external concentration will lead to diffusional 396 
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pressure difference. This difference results in the transfer of inner ions to the external, 397 

depositing to mineralization and forming a shell-type spherical structure. To some 398 

extent, the formation of a mineralized layer promotes the transformation of structure 399 

from dense polymer crosslinking to the organic-inorganic doped skeleton with a large 400 

specific surface area and high porosity. On the other hand, a large number of chelated 401 

carboxylic acids on the polymer chain are released and activated because of the trapping 402 

of calcium ions by carbonates, which also provides abundant binding sites for mercury 403 

ions. 404 

4. Conclusions 405 

In the process of sewage treatment by adsorption, there are mounts of drawbacks 406 

such as high energy consumption in solid-liquid separation, serious wear of materials, 407 

and recovery of adsorbent particles. Given this, it is imperative to develop a high-408 

performance anti-wear forming adsorbent. In this work, a kind of self-assembly 409 

mineralized shell-type adsorbent was synthesized and employed to adsorb Hg(II) in the 410 

aqueous phase. It is found that the optimal sample set, MCAB-1, shows a significant 411 

enhancement for Hg(II) adsorption with maximum adsorption of 48 ± 1 mg/g in 3 h at 412 

pH = 5, which is 2.67 times than that of unmodified one. Long-duration adsorption tests 413 

showed that MCABs exhibited remarkable stability regarding their capacity and anti-414 

fraying ability. By analyzing the structure of the material, it is demonstrated that the 415 

material is transformed from dense crosslinking polymer to organic-inorganic 416 

mineralization framework with large specific surface area and high porosity by self-417 
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assembly mineralization. Meanwhile, with the confined crystallization of calcium ions, 418 

the carboxylic groups in the structure can be activated, making more binding sites for 419 

mercury ions.  420 
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