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A B S T R A C T   

Tris(2-chloroethyl) phosphate (TCEP) has been detected all over the world as a typical refractory organic 
phosphate, especially in groundwater. This work applied a calcium-rich biochar derived from shrimp shell as a 
low-cost adsorbent for TCEP removal. Based on the kinetics and isotherm studies, the adsorption of TCEP on 
biochar was monolayer adsorbed on a uniform surface, with SS1000 (the biochar was prepared at the carbon
ization temperature of 1000 ◦C) achieving the maximum adsorption capacity of 264.11 mg⋅g− 1. The prepared 
biochar demonstrated stable TCEP removal ability throughout a wide pH range, in the presence of co-existing 
anions, and in diverse water bodies. A rapid removal rate of TCEP was observed during the adsorption pro
cess. When the dosage of SS1000 was 0.2 g⋅L− 1, 95% of TCEP could be removed within the first 30 min. The 
mechanism analysis indicated that the calcium species and basic functional groups on the SS1000 surface were 
highly involved in the TCEP adsorption process.   

1. Introduction 

About 93 billion tons of crustaceans comprising shrimp, prawns, and 
lobsters are produced globally per year (Mathew et al., 2020). Around 
45–48% of shrimp shells (body carapace and head) are discarded as 
waste, to explore the application of shrimp shells in other fields is ur
gently needed to meet the sustainable development requirement and 
normal operation of shrimp and processing industries (Tseng et al., 
2022). The pyrolysis procedure has been applied for reducing the vol
ume and mass of biomass materials and simultaneously producing bio
char (Dai et al., 2021; Hamid et al., 2022). Benefiting for excellent 
physicochemical properties such as large specific surface area and 
abundant oxygen-containing functional groups, the biochar has been 
widely used in applications such as soil remediation, wastewater treat
ment and carbon sequestration (Ji et al., 2023; Li et al., 2022). Various 
biomass materials like coconut shell, wood chips, corn cobs, and straw 
have been used to prepare biochar (Lei et al., 2022; Tang et al., 2021). In 
comparison, shrimp shell is rich in calcium, protein, and as a carbon 
source, they can produce biochar with residual calcium and nitrogen 

(Long et al., 2017; Xiao et al., 2017). The presence of calcium in biochar 
could provide more active sites for the adsorption of organic pollutants 
according to the literature (Dai et al., 2017, 2018). Hence, the utilization 
of shrimp shell waste as the source of biochar that has prosing appli
cation potential on water treatment could be a two-birds-one-stone 
strategy for resource recycling and environmental protection. 

Flame Retardants (FRs) are commonly used in varnishes, poly
urethane foams, plastics, electronic equipment, wood, textiles and other 
chemicals (Sunderland et al., 2019). Due to the strict restriction of 
polybrominated diphenyl ethers (PBDEs) and polychlorinated biphenyls 
(PCBs) as flame retardants in Europe and the USA (Lenters et al., 2019), 
their alternatives (e.g., organophosphorus flame retardants (OPFRs)) 
have been widely applied in various industries (Li et al., 2019). Global 
annual consumption of FRs exceeds 2 million tons, with OPFRs ac
counting for 16%, and will continue to grow at an annualized rate of 
3.4%. However, OPFRs are not as safe as expected. Tris(2-chloroethyl) 
phosphate (TCEP), for example, has been proven to be neurotoxic 
(Sala et al., 2019), reproductive toxic (Hao et al., 2020) and carcino
genic (Zhang et al., 2021). Since TCEP is mainly added to products in a 
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simple physical form, it is readily released into the surrounding envi
ronment (van der Veen and de Boer, 2012). So far, TCEP has been 
detected in wastewater (Li et al., 2021c), marine (Zheng et al., 2022), 
river (Han et al., 2021), groundwater (He et al., 2022a) and drinking 
water (Zhu et al., 2022) all around the world. Groundwater contributes 
one-third of the country’s water resources, and 70% of the population in 
China relies on it (He et al., 2022b). TCEP contamination in ground
water has posed a significant risk to human health (An et al., 2017; Jiang 
et al., 2019). Therefore, effective technologies for the efficient removal 
of TCEP from groundwater are urgently needed. TCEP is chemically 
stable, highly water soluble, difficult to degrade naturally and poorly 
biodegradable, and tends to remain in anaerobic, non-light and oligo
trophic groundwater (Gerrity et al., 2012; Luo et al., 2014; Reemtsma 
et al., 2008). The currently screened strain TCM1 Rhizobium requires 
cultivation under aerobic conditions for better TCEP degradation (Zhou 
et al., 2020), and commonly used oxidants such as H2O2 (Liu et al., 
2020), TiO2 (Abdullah and O’Shea, 2019) and persulfate (Yu et al., 
2021) can degrade TCEP with the assistance of UV light. Biological 
treatment and advanced oxidation techniques were found to be difficult 
for significant removal of TCEP from groundwater with the anaerobic, 
light-free and oligotrophic features (Choi and Kim, 2021; Lee et al., 
2016). In comparison, adsorption can be considered as an effective and 
economical method of removing pollutants from water (Dardouri et al., 
2018; Liang et al., 2018), but studies on TCEP removal by adsorption are 
very limited in the literature. Biochar has been proven to be a strong 
adsorbent for aromatic organic pollutants such as polycyclic aromatic 
hydrocarbons, pesticides and phthalates benefiting from its high surface 
hydrophobicity, large surface area and rich aromatic composition (Cai 
et al., 2021; Dou et al., 2022; Jin et al., 2016). As a result, it is reasonable 
to assume that the biochar derived from shrimp shell may have a high 
adsorption affinity for TCEP as aromatic organophosphate esters. 

Herein, a biochar derived from shrimp shell was prepared through 
oxygen-limited pyrolysis method and used as the adsorbent for TCEP 
removal from water. The performance of biochar on TCEP removal was 
optimized by changing the pyrolysis temperature. The adsorption ki
netics and isotherm of TCEP on the optimized biochar were studied. The 
effects of initial pH, co-existing ions and different water matrices on the 
removal of TCEP were clarified through batch experiments. The prob
able mechanism of TCEP removal was elucidated as well. This work 
provided a two-birds-one-stone strategy for the disposal of shrimp shell 
waste and development of biochar with promising application potential 
on TCEP removal from water. 

2. Materials and methods 

2.1. Chemical and reagents 

Shrimp shell (SS) were collected from a shrimp processing factory 
located in Wenzhou, China. Tris(2-chloroethyl) phosphate (TCEP, 
>98%), Triphenyl phosphate (TPhP, 99%), bisphenol (BPA, 99%), tet
rabromobisphenol A (TBBPA, 99%), hydrochloric acid (HCl, 37%), 
ammonium acetate (CH3COONH4, 99%), sodium chloride (NaCl, 98%), 
sodium bicarbonate (NaHCO3, 98%), sodium dihydrogen phosphate 
(NaH2PO4, 98%), humic acid (HA, 90%) were purchased from Macklin, 
China. Deionized water (>18 mΩ⋅cm, Milli-Q systems) obtained from a 
lab-scale Milli-Q system was used for the solution preparation. 

2.2. Preparation of biochar 

The SS was washed, dried in an oven and crushed into fine powders 
smaller than 0.20 mm in size. The collected powders were pyrolyzed for 
2 h in a tubular furnace at 600 ◦C, 800 ◦C, 1000 ◦C and 1200 ◦C under a 
continuous flow of nitrogen respectively. The carbonized powder as SS 
biochar was successively washed with water and ethanol five times 
before drying them dried at 60 ◦C for 10 h. The obtained biochars (SSs) 
were named SS600, SS800, SS1000, and SS1200 based on their 

carbonization temperatures. 

2.3. Characterization of biochar 

Specific surface area and pore size distribution of the biochar were 
detected by Micromeritics ASAP 2460 (USA). The surface morphology of 
the biochar was observed by scanning electron microscopy (SEM, Zeiss 
Gemini 500, Germany). The X-ray diffraction pattern (XRD) was recor
ded by Japan Rigaku Ultima IV with Cu Kα radiation. X-ray photoelec
tron spectroscopy (XPS, Thermo Scientific, USA) was performed to 
analyze the surface composition and valence states of different elements 
in SSs. Fourier transform infrared spectrometer (FT-IR, Nicolet iS 10, 
USA) was employed to detect the functional groups on the biochar 
surface in the wavenumber range of 650–4000 cm− 1. Boehm titration 
was used to quantitatively determine basic functional groups (BFG) on 
the biochar surface (Chingombe et al., 2005). The point of zero charge 
(pHPZC) of the biochar was determined by an immersion technique 
(Tripathy and Kanungo, 2005). 

2.4. Experiments for TCEP removal 

To simulate a groundwater environment, the experimental solutions 
were de-oxygenated by aerating nitrogen. The kinetics experiment was 
conducted at the TCEP concentration of 10 mg⋅L− 1, biochar dosage of 
0.10 g⋅L− 1, and pH of 7.0. The adsorption isotherm was conducted at 
initial concentrations of TCEP from 1 to 120 mg⋅L− 1. The effect of bio
char dosage (0.05–0.20 g⋅L− 1), initial solution pH (3.0–11.0, adjusted 
with 0.1 M H2SO4 and 0.1 M NaOH), coexisting substances (Cl-, HCO3

- , 
H2PO4

- , and HA), and different water environment (groundwater, river 
water, and dye effluent) in the TCEP removal was investigated to assess 
the TCEP removal performance of the prepared biochar. Following the 
experiment, samples were filtered with a 0.22 µm syringe filter before 
the TCEP concentration measurement and detect BCEP (bis(2-chlor
oethyl) phosphate) using LC-MS/MS (Applied Biosystems, USA). The 
detailed procedure was provided in Text S1. Most of experiments were 
conducted in triplicates, and the mean values with standard deviations 
were presented in the Figures. 

3. Results and discussion 

3.1. Characterization 

The surface morphology of SSs prepared at different carbonation 
temperatures was observed by SEM, which can be seen in Fig. 1 and S1. 
The formed biochar bulk was found to be covered by irregular nano
particles, including flakes, spheres and rods. Fig. S2 depicts an IV-type 
isothermal curve as well as a large H4-type hysteretic loop of the 
desorption branch visible from the SSs, indicating the characteristic of 
mesoporous and stack structure of the slit pores (Ye et al., 2020). 
Especially, the number of the attached nanoparticles increased as the 
carbonization temperature climbed from 600 ◦C to 1200 ◦C, resulting in 
a reduction in pore volume from 0.36 to 0.26 cm3⋅g− 1. This is consistent 
with the result of BET analysis that the SS800 had a higher special 
surfacer area of 408.10 m2⋅g− 1 than the SS1000 (296.70 m2⋅g− 1). In 
order to exploit the possible change in the crystal structure of SSs at 
different temperatures of pyrolysis, the XRD patterns of the prepared SSs 
were investigated and the results are given in Fig. 2a. All of the biochar 
exhibited a highly crystalline structure of CaO (2θ = 22.96◦, 31.34◦), 
CaCO3 (2θ = 35.88◦, 39.28◦) and Ca(OH)2 (2θ = 18.40◦, 33.98◦) 
(PDF#05–0586) (Dai et al., 2018). The intensity of the diffraction peaks 
corresponding to CaCO3 gradually decreased, mainly due to the 
decomposition of CaCO3 at higher pyrolysis temperatures. On the con
trary, the intensity of the diffraction peaks corresponding to Ca(OH)2 on 
SSs gradually increased, resulting from the transformation of CaO dur
ing the washing treatment process. 

As shown in Fig. 2b, FT-IR was employed to analyze the composition 
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of surface functional groups on SSs. Based on the presence of charac
teristic peaks at 1404, 871, and 711 cm− 1, the formed SSs exhibit typical 
calcite spectra (Dai et al., 2017). The bands in the 2980–2920 cm− 1 

region are assigned to the stretching vibrations of CH, CH2, and CH3. The 
peak intensity at 3674 cm− 1, caused by the stretching vibration of Ca 
(OH)2 became noticeably stronger with increasing the carbonization 
temperature. It is worth noting that attributed to C-O stretching vibra
tion or O-H, the band intensity at 1066 cm− 1 on SSs also increased at the 
higher carbonization temperature. The composition of carbon or 
oxygen-based functional groups was exploited by XPS analysis as shown 
in Fig. 2c and d. The core-level C 1 s spectra could be decomposed into 
three component peaks with the binding energies of 284.80, 285.48, and 
289.48 eV, corresponding to graphitic C, C-O, and C––O. For the 
core-level O 1 s, the presence of three peaks with binding energies of 
531.48, 532.27, and 533.28 eV are ascribed to C-O, ketonic C––O groups 
and hydroxyl C-O-H groups, respectively. Noticeably, that the content of 
hydroxyl C-O-H groups that existed in SS1000 and SS1200 rose when the 
carbonization temperature went up. In contrast, it was hardly detected 
in SS600 and SS800, which fits the FT-IR results well. Since the surface 
charge of the SSs is crucial for their adsorption performance, the point of 
zero charge (pHPZC) of SSs was calculate. The pHPZC values of 
SS600–1200 are about 7.1, 7.3, 8.0 and 8.2, accordingly. A higher pHPZC 
refers to more basic functional groups (BFG) on the SSs surface (Dai 
et al., 2017; Tian et al., 2022). Based on the Boehm experiment results, 
the BFG on the surface of SS600–1200 was 1.29, 1.72, 3.13 and, 
3.35 mmol⋅L− 1. 

3.2. Kinetics and isotherm study 

The adsorption rate of TECP onto SS600–1200 was investigated by 
the pseudo-first-order, pseudo-second-order and intraparticle diffusion 
models expressed in Eqs. (1)–(3), and the results are presented in Fig. 3a, 
b. The corresponding paraments are illustrated in Table S2. According to 
Fig. 3a, the adsorption equilibrium time of TCEP on SS600, SS800, 
SS1000 and SS1200 was reached at 2 h, 1 h, 0.5 h and 0.5 h, respec
tively. Compared to the pseudo-first-order model, the pseudo-second- 

order model better simulated the experimental data, suggesting that 
the TCEP adsorption is controlled by the chemosorption process. Similar 
findings were also reported for the adsorption of methyl orange, Congo 
red and bisphenol A on shrimp shell based biochar (He et al., 2020; Zafar 
et al., 2022; Zhou et al., 2018). As seen from the modeling results in 
Fig. 3b and Table S3, the intraparticle diffusion process of TCEP 
exhibited multilinearity. The linear tendency with the rate constant 
(from 0.52 mg⋅g− 1⋅min− 1/2 to 13.93 mg⋅g− 1⋅min− 1/2) corresponds to 
the intraparticle diffusion process, while the one with much lower rate 
constant (from 0.19 mg⋅g− 1⋅min− 1/2 to 0.56 mg⋅g− 1⋅min− 1/2) reflects 
the adsorption equilibrium process in which the dramatic reduction of 
the rate constant is caused by the decreased TCEP concentration 
gradient in water. Thus, the adsorption rate of TCEP would be mainly 
dominated by the intraparticle diffusion process. Combined with the 
results of SEM and BET analysis, the biochar with higher special surface 
area exhibited a more significant intraparticle diffusion process. For 
SS1000, the boundary layer effect indicator C was 6.27 mg⋅L− 1, which 
equals 9.86% of the equilibrium adsorption capacity. This indicates that 
the effect boundary layer on the TCEP adsorption is far lower than other 
carbon-based adsorbent (Tang et al., 2021; Tong et al., 2020; Zhang 
et al., 2022). 

Qt = Qe
(
1 − e− k1 t) (1)  

Qt =
k2Q2

e t
1 + k2Qet

(2)  

Qt = kit
1
2 + C (3)  

where Qe and Qt (mg⋅g− 1) are the adsorption amounts biochar to of 
TCEP at equilibrium and at time t, respectively; k1 (min− 1) and k2 
(mg⋅g− 1⋅min) are the Kinetic constants of pseudo- first-order, pseudo- 
second-order, respectively; ki (mg⋅g− 1⋅min− 1/2) is the intraparticle 
diffusion model constant; C is related to the thickness and boundary 
layer of the adsorbent. 

To further reveal the mutual effects between TCEP and SSs, the 
adsorption isotherms study described in Eqs. (4)–(5) was performed, 

Fig. 1. SEM images. (a) SS600, (b) SS800, (c) SS1000, and (d) SS1200.  
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with the results shown in Fig. 3c, Table S4. The Langmuir isotherm 
model with a higher regression coefficient (R2) value is more suitable for 
fitting the experimental data. This indicates that the interaction between 
TCEP and SSs is monolayer adsorption on a homogeneous surface (Li 
et al., 2021b; Tang et al., 2021). The maximum adsorption capacity of 
SS600, SS800, SS1000 and SS1200 is 17.30, 83.68, 264.11 and 
287.47 mg⋅g− 1, respectively. The RL values of TCEP adsorption on 
different SSs were calculated from the Langmuir isotherm to evaluate 
the adsorption favorability. The RL values for all the SSs ranged between 
0 and 1, suggesting the TCEP adsorption on SSs is a favorable process 
(Mironyuk et al., 2019). 

Qe = KFC
1
n
e (4)  

Qe =
QmaxKLCe

1 + KLCe
(5)  

where Ce (mg⋅g− 1) is the concentration of TCEP in solution at equilib
rium; KF (μ⋅g1–1/n⋅L1/n⋅g− 1) and n are the Freundlich constants, and Qmax 

(mg⋅g− 1) and KL (L⋅mg− 1) are the Langmuir constants representing the 
maximum adsorption capacity and the adsorption affinity between the 
biochar and the TCEP (Text S2). 

3.3. Performance evaluation of SSs in removing TCEP 

The SS1000 was chosen to evaluate the TCEP adsorption perfor
mance under different operational conditions such as solution pH, 
coexisting ions, adsorbent dosage, and water matric. The solution pH 

may affect the deprotonation or protonation of functional groups on 
biochar, and then cause an impact on the removal of adsorbates. As 
demonstrated in Fig. 3d, the SS1000 could achieve a stable removal 
capability (Qe> 60 mg⋅g− 1) in the entire tested pH range of 3.0–11.0. 
For the control experiment in which no adsorbent was added, the 
negligible removal of TCEP is observed when the pH was below 8.0. 
With a further increase in solution pH, a small part of TCEP can be 
removed from the water, attributing to the self-hydrolysis of TCEP under 
such basic condition (Wu et al., 2018). 

As depicted in Fig. 3e, when the low-concentration Cl- ions (10 mM) 
was added into the solution, the adsorption of TCEP on SS1000 
increased by about 3%. However, the TCEP removal was slightly hin
dered at high concentration of Cl- ions (100 mM). This may be related to 
the salting-out effect, where the adsorption of organic pollutants on the 
adsorbent increases with the increase of ionic concentration. When the 
Cl- ion concentration reaches a certain level, the neutralization of the 
surface charge may achieve more quickly due to the occupation the 
adsorption sites under stronger electrostatic gravitational forces, 
resulting in a decrease in TCEP adsorption on SS1000 (Liu et al., 2020). 
The enhanced removal of TCEP with the increase of HCO3

- concentration 
may account for the basicity of HCO3

- in aqueous solution, which can 
facilitate the self-hydrolysis process of TCEP and thus promote the 
removal of TCEP from water. H2PO4

- in the solution affected the TCEP 
adsorption by SS1000 (Qe> 50 mg⋅g− 1), probably due to the competi
tion of the adsorption sites between SS1000 and TCEP (Ji et al., 2020). 
Humic acid (HA), as a representative of natural organic matter, can 
influence the removal of organic pollutants on carbon-based adsorbents. 
As shown in Fig. 3e, low-concentration HA had little effect on the 

Fig. 2. The (a) XRD patterns, and (b) FT-IR spectra, (c) the C 1 s XPS spectra and (d) the O 1 s spectra of SSs.  
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removal efficiency of TCEP on SS1000, and even when the HA concen
tration was as high as 100 mg⋅g− 1, only a slight inhibition (Qe>

50 mg⋅g− 1) was observed, indicating that natural organic substances in 
water have less influence on the adsorption of TCEP on SS1000. 

In addition, the effect of SS1000 dosage on the adsorption efficiency 

of TCEP was also investigated in this study (Fig. 3f). When the adsorbent 
dosage was raised from 0.05 g⋅L− 1 to 0.20 g⋅L− 1, the adsorption effi
ciency of TCEP increased from 36.22% to 95.86%. In order to test the 
application potential of the adsorbent (Fig. 3g and Table S5), the TCEP 
in three different water matrices including groundwater, river water and 

Fig. 3. Adsorption kinetics of TCEP on SSs with the fitting of (a) the pseudo-first-order and pseudo-second-order model and (b) the intraparticle diffusion model. 
Adsorption isotherms of TCEP on SSs (c). The different factors for TCEP adsorption on SS1000: (d) pH (no SS1000 was added into the solution as a control group), (e) 
co-existing anions and HA (the concentration of HA was 10 mg⋅L− 1 and 100 mg⋅L− 1), (f) SS1000 dosage, (g) different water matrices, and (h) reusability cycles. 
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dye effluent (the correlative water quality is shown in Tables S6-S8) was 
used as feed solution. When groundwater was used, the performance of 
SS1000 on the TCEP removal was negligibly affected, confirming the 
applicability of the SS1000 in groundwater remediation. In contrast, the 
inhibition of TCEP removal was observed when dye effluent and river 
water were used. The more noticeable interference caused by dye 
effluent might be owing to the presence of high-concentration dissolved 
organic compounds or other substances, which can compete adsorption 
sites with TCEP (Dou et al., 2022; Liu et al., 2020). The SS1000 exhibits a 
high removal efficiency for other organic pollutants such as TPhP, BPA 
and TBBPA (Fig. S3 and Table S9). The removal efficiency of the 
above-mentioned pollutants on SS1000 follows the order: TCEP > BPA 
> TBBPA > TPhP. The stronger affinity of BPA toward the SS1000 than 
TBBPA and TPhP can be attributing to the higher octanol-water partition 
coefficient (log DOW) of BPA, which can enhance its hydrophobic 
interaction with SS1000 (Wu et al., 2019). 

The reusability and regeneration performance of SS1000 were 
evaluated through a series of adsorption-desorption cycle experiments. 
In the first two cycles, the absorbed SS1000 was regenerated with 
ethanal (10 wt%) and used for the next adsorption process. As shown in 
Fig. 3h, the TCEP removal efficiency was reduced to 38.2% after two 
regeneration cycles. The spent adsorbent was then regenerated using 
ethanol (10 wt%) and 1.0 mol⋅L− 1 NaOH, after which the TCEP removal 
efficiency of SS1000 improved to 44% again, indicating that the reus
ability of SS1000 further improved by searching for more suitable 
regeneration reagents. Not only that, it should be mentioned that of all 
the studied materials, SS1000 showed the best maximum adsorption 
capacity (Qmax) for TCEP adsorption (Table S10). 

3.4. Mechanisms elucidation of SSs in removing TCEP 

In previous studies, adsorbents with higher specific surface area and 
richer pore structure tended to adsorb pollutants better (Cai et al., 2021; 
He et al., 2020; Yu et al., 2022). However, the TCEP adsorption on our 
prepared biochar seems to be independent of its specific surface area and 
pore structure. Since the TCEP adsorption on the adsorbent is controlled 
by the chemosorption process, the interaction between TCEP and the 
functional groups or chemical components on biochar should be dis
cussed to better understand the TCEP adsorption mechanism. Based on 
the XRD and FT-IR analysis, the prepared biochar contained Ca crystals 
including CaO, CaCO3 and Ca(OH)2. In addition, more Ca crystals were 
precipitated on the surface of SS1000. During the adsorption, Ca may be 
the binding sites for the TCEP adsorption, and the dissolved Ca2+ can 
also act as electrolytes to promote the adsorption of TCEP by SS1000. 

In order to verify the role of Ca2+ in the TCEP adsorption, Ca2+ ions 
with a concentration of 100 mM were introduced into the TCEP solu
tions. As illustrated in Fig. 4a, when 100 mM Ca2+ ions were added 
alone or pH was adjusted to 9.0, the removal rates of TCEP were only 
0.58% and 5.91%, suggesting that the salinity or self-hydrolysis effect 
was insufficient to effectively remove TCEP from water. However, when 
SS1000 was added to the system, the removal performance was signif
icantly improved. When the “SS1000 + 100 mM Ca2+ + pH = 9′′ system 
was formed, the removal of TCEP improved significantly from 63.67% to 
84.08%, indicating that Ca2+ ions could promote the adsorption of TCEP 
on SS1000 under basic condition. The spectra of FT-IR and XPS were 
employed for the elucidation of SS1000 in removing TCEP. As shown in 
Fig. 4b, several obvious differences are observed for SS1000 after TCEP 
adsorption. The band at 3674 cm− 1 (assigned to stretching vibration of 

Fig. 4. (a) Effect of calcium and solution basicity. (b) FT-IR and (c) XPS spectra of Ca 2p of SS1000 before and after the adsorption. (d) Change of Cl- concentration 
during the adsorption. 
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O-H in Ca(OH)2) nearly disappeared after the adsorption. Meanwhile, 
the intensity of typical bands at 1404, 871 and 711 cm− 1 for calcite in 
SS1000 reduced obviously after the TCEP adsorption (Dai et al., 2018). 
The core-level Ca 2p XPS spectra of SS1000 before and after the reaction 
are reported in Fig. 4c. The peaks at 348.0 eV and 351.8 eV correspond 
to Ca2+ 2p3/2 and Ca2+ 2p1/2, respectively. After the TCEP adsorption, 
the Ca 2p peaks slightly shifted to the positions at higher binding energy, 
suggesting the formation of inner layer complexes (Ca-OP) (Li et al., 
2021a; Onoda et al., 2002). Their results indicate that the mineral phase 
(calcite and Ca2+) in SS1000 is highly involved in the TCEP adsorption 
process (Dai et al., 2017). Moreover, the TCEP adsorption capacity of 
SS1000 decreased seriously after pickling by acid before the adsorption 
(Fig. S4a). It is worthwhile to note that during the TCEP adsorption, the 
solution pH decreased rapidly in the first 30 min, which is consistent 
with the TCEP removal trend given in Fig. S4b. These demonstrates the 
key role of Ca species and basic functional groups in the removal of 
TCEP. To further understand the removal pathway of TCEP on the 
SS1000, the hydrolysate (BCEP, m/z = 223.2) generated in the reaction 
was analyzed by LC/MS (Liu et al., 2020; Yu et al., 2021), and the 
relevant mass spectra is shown in Fig. S5. By detecting the Cl- concen
tration in solution during the TCEP adsorption process, the increase of 
Cl- ions concentration was proportionate to the removal amount of TCEP 
from water as shown in Fig. 4d. 

Based on the above results, the probable mechanism for TECP 
removal by SS1000 is proposed as below. Firstly, the TCEP was adsorbed 
on the surface of SS1000 and then converted to hydrolysate (BCEP) via 
the interaction with the basic functional groups on the biochar surface. 
Then, the calcium species (calcite and Ca2+) in SS1000 can combine 
with BCEP to produce inner layer complexes (Ca-OP), which can further 
promote the hydrolysis of TCEP along with generate chlorine ions. 

4. Conclusions 

In this study, the biochar derived from shrimp shell was prepared to 
effectively remove TCEP from water. The surface morphology, specific 
surface area and calcium content could be highly affected by the 
carbonization temperature ranging from 600 to 1200 ◦C. The kinetics 
and isotherm studies showed that the TCEP adsorption on biochar could 
be better fitted by the pseudo-second-order and Langmuir isotherm 
models, indicating that the TCEP adsorption was controlled by chemo
sorption process. The maximum adsorption capacity of 264.11 mg⋅g− 1 

was achieved by SS1000 at pH 7.0. The SS1000 exhibited good and 
stable adsorption performance under different solution pH, co-existing 
anions and HA as well as water matrices. The SS1000 could be more 
effectively regenerated by using ethanol and NaOH. The mechanism 
study demonstrated that the basic functional groups and calcium species 
(calcite and Ca2+) played key roles in the TCEP adsorption on SS1000. 
The calcium species on SS1000 surface can form inner layer complexes 
(Ca-OP) with TCEP and then promote the hydrolysis of TCEP. The pre
pared biochar can be considered as a suitable candidate for the effective 
removal of TCEP from water. 
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