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A large amount of arsenic-containing wastewater discharged by the non-ferrous metal industry will 
cause serious environmental problems if it is not properly treated. Pyrolysis char of waste tire is a kind 
of solid waste. Since the surface properties of tire derived char (TC) are affected by tar/ash adhesion 
during pyrolysis, it is necessary to modify TC to treat wastewater containing As(V) effectively as an 
adsorbent. At present, most studies on the modification of TC are prepared into activated carbon by 
high temperature activation in N2 atmosphere. In this study, TC was modified at room temperature and 
air atmosphere, and Fe(OH)3-TCNaOH adsorbent with particle size of 61–75 μm was obtained under the 
premise of the removal rate of As(V) and the settling performance of the adsorbent. When the initial 
concentration of As(V) was 5 mg/L, the removal rate of As(V) by Fe(OH)3-TCNaOH with a particle size 
of 61–75 μm could reach 90% within 30 min under a wide pH range (3–9). The adsorption of As(V) by 
Fe(OH)3-TCNaOH was most affected by the coexistence of PO4

3-, which resulted in the removal rate of 
As(V) decreased by about 20%. The adsorption mechanism shows that the significant increase in the 
number of 3–5 nm mesoporous pores of Fe(OH)3-TCNaOH and the formation of H bonds are beneficial to 
the adsorption of Fe(OH)3-TCNaOH to As(V), and improve the stability of Fe-As complex.
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While the rapid development of the transportation industry has brought great convenience to people’s lives, and 
the consumption and wear of automobile tires have also produced a mass of waste tires. In 2022, China’s waste 
tire production was about 350 million, and its annual growth rate is 8–10% 1. The accumulation of waste tires 
not only occupies a large amount of land and provides breeding places for mosquitoes, but also produces a large 
number of carcinogens such as polycyclic aromatic hydrocarbons due to tire fire, causing serious environmental 
pollution2,3. Recycling waste tires is the most effective way to reduce their impact on the environmental. At 
present, the recycling methods of waste tires mainly include prototype utilization, tire retreading4 and various 
thermochemical processes (pyrolysis, incineration, direct liquefaction)5. Prototype utilization is to use waste 
tires directly in the fields such as hillside soil consolidation and ship collision prevention, but its usage is less6,7. 
Thanks to possible safety hazards, the quality of retreaded tires is difficult to get the trust of consumers8. Among 
these thermochemical processes, pyrolysis has attracted much attention due to its low secondary pollution and 
the production of useful industrial raw materials such as solid char, liquid hydrocarbon fuels and gases9. As 
the key pyrolysis product, char directly affects the economic benefit of waste tire pyrolysis. How to improve the 
utilization value of char is one of the research hotspots of waste tire pyrolysis.

The pyrolysis char of waste tire is mainly composed of carbon black added in the process of tire production, 
other inorganic fillers and coke deposited on the surface of char, etc. The tar, deposited carbon and ash on 
the surface of char cover its original active sites and reduce its specific surface area, thus limit the high-value 
utilization of char10–12. The ash content of char can be reduced from 15.0 to 4.9 wt% by pickling13. Physical 
or chemical activation processes can increase the pore volume fraction of char, thereby increasing its specific 
surface area and surface activity14,15. In the physical activation process, the carbonization degree of char is first 
improved at a lower temperature, and then treated with reaction gas (carbon dioxide or water vapor) at high 
temperature, and part of the amorphous carbon and crystalline carbon in the char are removed by gasification 
reaction to improve the porosity16. Chemical activation typically uses activators such as ZnCl2, H3PO4, and KOH 
as substrates for pore development, which oxidizes at relatively low temperatures and ultimately helps to increase 
the specific surface area of the char17.
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Excessive concentrations of arsenic in water bodies are threatening the health of billions of people worldwide18. 
Arsenic (As) and its compounds, as one of class I carcinogen listed by the World Health Organization (WHO), 
have become a global concern for water pollution18. Current treatment methods for arsenic-containing 
water include chemical precipitation19, membrane method20, biological method21, electric flocculation22 and 
adsorption23, etc. Adsorption is a physicochemical technique that is considered one of the most effective 
methods because it is simple to operate, there is no secondary pollution24. Many materials, such as spent grain, 
have been developed as adsorbents to remove arsenic from waters25. It is feasible to remove As(V) from aqueous 
solution by using bone char as adsorbent26.

At present, it is reported that waste tire pyrolysis char is used as an adsorbent to remove heavy metals such 
as lead, copper and zinc from wastewater27. The use of char to treat arsenic in wastewater has also been studied. 
The adsorption material obtained by mixing the hydrochloric acid pretreated char with Al(OH)3 and heating at 
700 °C in N2 atmosphere has a good arsenic removal effect28. The adsorbent obtained by soaking char in HNO3 
and then calcination in N2 at 350 °C has mesoporous carbon structure and adsorption capacity of As(III) was 
0.8 mg/g29. The above studies show that whether it is to remove Pb, Cu, Zn or As from wastewater, pyrolysis char 
needs to be converted into activated carbon under relatively harsh conditions such as high temperature and N2 
atmosphere, which consumes a lot of energy. On the other hand, the settling performance of char adsorbent and 
their separation from heavy metals or arsenic are less studied.

In this study, the tar/ash on the surface of tire-derived char (TC) was first removed at room temperature 
and in an air atmosphere, followed by chemical activation. The efficiency of modified TC in removing As(V) 
from aqueous solution was evaluated. Special attention was paid to the adsorbent settling performance and the 
adsorption mechanisms of modified TC by characterization using pore size distributions, phase analysis, energy 
spectrum analysis and X-ray photoelectron spectroscopy (XPS) analyses.

Materials and methods
Experimental materials
TC was sourced from a waste tire pyrolysis plant in Jiangxi, China. It was thoroughly washed with deionized (DI) 
water to remove sand, placed in an oven at 70 °C for 24 h until completely dried, ground and passed through a 
150 μm sieve.

Stock solutions (5 mg/L) were prepared from sodium arsenate (Na3AsO4·12H2O; greater than 99.0%) for 
As(V). The prepared stock solutions were further diluted with appropriate amounts of DI water to obtain the 
working experimental solutions with concentrations of 0.5, 1, 2, 3 and 4 mg/L.

HCl, HNO3, H2SO4 and NaOH were used to remove the tar/ash on TC surface and for adjusting the solution 
pH. Ca(OH)2 and FeCl3·6H2O were used as modifier to modify TC.

In this work, all chemicals used were analytical grade.

Modification of TC
TC was modified using a two-step sequence: tar/ash removal and chemical activation. First, TC was added 
into conical bottles containing 2 mol/L HCl, HNO3, H2SO4, NaOH solution and saturated Ca(OH)2 solution 
respectively (solid-liquid ratio 100  g/1 L). The conical bottles were placed in 25  °C, 150 r/min water bath 
thermostatic oscillator for 24 h. Then the solid material was filtered (pore size 0.45 μm), washed with DI water 
until the effluent pH was neutral, and dried in the oven at 70 °C for 12 h to obtain acid/alkali modified TC. 
They were denoted as TCHCl, TCHNO3, TCH2SO4, TCNaOH and TCCa(OH)2, respectively. The subsequent chemical 
activation step was to add TC and TCNaOH into 0.1 mol/L FeCl3 solution respectively (solid-liquid ratio 100 g/1 
L) and stir the suspension until the mixture was uniform. Then add 1 mol/L NaOH solution drop by drop to 
adjust the pH of the suspension to 7.20, stir continuously for 2 h and stabilize the pH at 7.20. The solid material 
was filtered (pore size 0.45 μm) and washed with DI water until the effluent pH was neutral, and then dried in 70 
°C oven for 12 h. The final products were denoted as Fe(OH)3-TC and Fe(OH)3-TCNaOH, respectively.

Batch adsorption tests

 (1)  Determination of the best removal method of tar/ash in TC. The effect of acid/base modification on the 
removal rate of As(V) in TC was investigated under the conditions of initial As(V) concentration of 5 mg/L, 
pH of solution of 9 and dosage of adsorbent of 0.8 g/L by oscillating at 25 °C for 10 min with a water bath 
thermostatic oscillator. The As(V) removal performance of TC was compared under the same conditions.

 (2)  The effect of chemical activation on the removal of As(V) from Fe-modified TC (including Fe(OH)3-TC 
and Fe(OH)3-TCNaOH) was studied by using a water bath thermostatic oscillator with an initial As(V) con-
centration of 5 mg/L, pH of 9, dosage 0.4–1.0 g/L, and constant temperature of 25 °C for 10 min. The As(V) 
removal performance of TC was compared under the same conditions.

 (3)  The effect of particle size on sedimentation and adsorption of As(V). Fe(OH)3-TCNaOH with different parti-
cle sizes were added into a colorimetric tube containing DI water at a solid-liquid ratio of 0.8 g/L to observe 
the precipitation effect.

 (4)  The effects of reaction time (5–60  min), pH value of solution (3–11), As(V) initial concentration (0.5-
5 mg/L), reaction temperature (25–55  °C) and coexisting ions on the As(V) removal effect of Fe(OH)3-TC-
NaOH were investigated with the consideration of sedimentation and As(V) removal performance.

1 mol/L HCl and NaOH solution were used to adjust the solution pH to the set value.
The concentration of As(V) in the raw and treated simulation wastewater was investigated with the Inductively 

Coupled Plasma spectrometer (ICP).
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All experimental runs in this study were repeated three times, and data obtained represented the mean 
values. the removal effect of TC was investigated.

Results and discussions
Effect of acid/base modified TC on adsorption of As(V)
In order to remove the tar/ash on the TC surface and improve its specific surface area and surface activity, acid 
and alkali were used to modify TC. The particle size of TC and various modified TC is less than 150 μm. The 
adsorption effect of acid/alkali modified TC (tar/ash removal) on As(V) is shown in Fig. 1.

As can be seen from Fig. 1, the removal rate of TC for As(V) was 7.4%, while the removal of TCHCl, TCHNO3, 
TCH2SO4, TCNaOH and TCCa(OH)2 for As(V) were 0, 0, 0, 46.0 and 44.6%, respectively. Obviously, the adsorption 
effect of acid/alkali modified char on As(V) is very different. Acid modification has an inhibitory effect on the 
adsorption of As(V) by TC, which may be due to the reaction of the acid with the functional group of TC surface 
to form a carboxylate substance that can inhibit the adsorption of As(V)29. However, alkali modification may 
remove most of the tar and ash on TC surface, thereby increasing the specific surface area of TC and improving 
the adsorption of As(V). Since TCNaOH had a slightly better removal effect on As(V) than that of TCCa(OH)2, 
subsequent experiments were conducted on the basis of TCNaOH.

In the experiment, it was also observed that at the end of the oscillatory adsorption, part of the adsorbent was 
still suspended in the solution for a long time, and could not completely settle to the bottom after standing for 
10 min, indicating that the settling effect of some TC/modified TC was poor.

Effect of chemical activation on removal of As(V) by Fe-modified TC
Taking the amount of adsorbent as variable, the removal effect of Fe-modified TC on As(V) was investigated and 
compared with that of TC under the same conditions. The particle size of TC and various modified TC is less 
than 150 μm. The results are shown in Fig. 2.

From Fig. 2 can be seen that the removal rate of TC, Fe(OH)3-TC and Fe(OH)3-TCNaOH for As(V) increased 
with the increase of adsorbent dosage. When the adsorbent dosage increased from 0.4 to 1.0 g/L, the removal 
rates of TC, Fe(OH)3-TC and Fe(OH)3-TCNaOH for As(V) increased from 1.6, 29.1 and 43.0% to 15.8, 79.0 and 
86.2%, respectively. This is because the increase in the amount of adsorbent actually increases the available 
adsorption sites, which is conducive to the adsorption of As(V) in the solution. In addition, the removal effect of 
Fe(OH)3-TC and Fe(OH)3-TCNaOH on As(V) was much greater than that of TC at the four doses.

In addition, the As(V) removal rate of the three adsorbents was slightly increased when the adsorbents 
dosage increased from 0.8 to 1.0 g/L. Considering the cost, the dosage of subsequent adsorbent was selected to be 
0.8 g/L. It can also be seen from Fig. 2 that the removal rate of Fe(OH)3-TCNaOH for As(V) was higher than that 
of Fe(OH)3-TC at the four dosage levels. Therefore, Fe(OH)3-TCNaOH was selected for subsequent experiments.

It was also observed in the experiment that part of the adsorbent in the reaction system could not completely 
settle to the bottom at the end of the adsorption.

Fig. 1. Effect of acid/base modified TC on adsorption of As(V) (initial concentration of As(V) was 5 mg/L, pH 
in solution 9, dosage of adsorbent 0.8 g/L, reaction temperature 25 °C, reaction time 10 min).
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Effect of particle size on settling performance of Fe(OH)3-TCNaOH and adsorption of As(V)
In practical applications, the sedimentation performance of adsorbent is very important. The settling effect of 
Fe(OH)3-TCNaOH with particle sizes 125–150 μm, 106–125 μm, 98–106 μm, 90–98 μm, 75–90 μm, 67–75 μm, 
61–67 μm and < 61 μm are shown in Fig. 3.

As can be seen from Fig. 3, particle size plays a major role in the sedimentation process, and this result is 
consistent with the study of Therdkiattikul30. After standing for 5 min (Fig. 3(f)), only Fe(OH)3-TCNaOH with 
particle size < 61 μm still had a large number of particles suspended in water, making the suspension appear 
black, while Fe(OH)3-TCNaOH of other particle sizes basically settled completely. Note that within 5  min of 
standing, all particle sizes of Fe(OH)3-TCNaOH have a layer of black at the top of the colorimetric tube, which is 
a small part of light ash floating on the water.

The adsorption effect of Fe(OH)3-TCNaOH with different particle size on As(V) were investigated, and the 
results are shown in Fig. 4.

As shown in Fig. 4, the removal rate of As(V) increased with the decrease of the particle size of the adsorbent, 
from 36.2% with particle size of 125–150 μm to 85.3% with particle size < 61 μm, indicating that the particle size 
of the adsorbent has a great influence on the adsorption of Fe(OH)3-TCNaOH to As(V). Fe(OH)3-TCNaOH with a 
particle size < 61 μm has the best ability to remove As(V) because the smaller the particle size of the adsorbent, 
the larger the specific surface area, and Fe(OH)3-TCNaOH with a particle size < 61 μm can be dispersed in solution 
for a longer time (as shown in Fig. 3), allowing the adsorbent to fully contact the active site of the adsorbent. 
But on the other hand, precisely because it is dispersed in solution for a long time, it has the worst precipitation 
effect, resulting in difficult to separate from water at the end of adsorption. Fe(OH)3-TCNaOH with particle sizes 
of 61–67 μm and 67–75 μm not only have higher As(V) removal rates (76.3 and 69.8%, respectively), but also 
have better sedimentation performance.

In order to meet the needs of mass production and facilitate comparison, 61–75 μm (combining 61–67 μm 
and 67–75 μm) and < 61 μm were selected for subsequent experiments.

Effect of reaction time on adsorption of As(V) by Fe(OH)3-TCNaOH
The effect of reaction time on the adsorption of As(V) by Fe(OH)3-TCNaOH with particle sizes of 61–75 μm and 
< 61 μm were studied, the results are shown in Fig. 5.

It can be seen from Fig. 5 that for Fe(OH)3-TCNaOH adsorbent with particle sizes of 61–75 μm and < 61 μm, 
the removal rate of As(V) increased rapidly in the first 20 min of the reaction. That is because at the beginning of 
the reaction, there is a large concentration difference between As(V) in solution and the surface of the adsorbent, 
and As(V) rapidly diffuses to the surface of adsorbent and binds to the adsorption site. With the process of 
adsorption, the removal rate of As(V) gradually increased until the adsorption equilibrium was reached. The 
As(V) removal rate of adsorbents with particle size < 61 μm reached 90% at 15 min, that is, the effluent As(V) 
content was 0.5 mg/L, which met the requirements of Integrated Wastewater Discharge Standard of the People’s 
Republic of China (GB 8978 − 1996). The As(V) removal rate of adsorbents with particle size of 61–75  μm 
reached 90% at 30 min. Considering the time cost, the adsorption time was selected as 30 min in subsequent 
experiments.

Fig. 2. Effect of adsorbent dosage on removal of As(V) from Fe-modified TC (initial concentration of As(V) 
was 5 mg/L, pH in solution 9, reaction temperature 25 °C, reaction time 10 min).
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Effect of pH in solution on adsorption of As(V) by Fe(OH)3-TCNaOH
The effect of solution pH on the adsorption of As(V) by Fe(OH)3-TCNaOH with particle sizes of 61–75 μm and 
< 61 μm is shown in Fig. 6.

As can be seen from Fig. 6, solution pH is an important factor affecting the adsorption of As(V). In the range 
of pH 3–9, the removal rate of As(V) for Fe(OH)3-TCNaOH with a particle size of 61–75 μm was always about 
90%, while for Fe(OH)3-TCNaOH with a particle size of < 61 μm, the removal rate of As(V) remained above 96%. 
The results showed that Fe(OH)3-TCNaOH with two particle sizes had higher As(V) removal rates in a wide pH 
range (3–9). However, the adsorption effect of the two particle sizes of Fe(OH)3-TCNaOH on As(V) decreased 
sharply when the pH value of the solution was increased (10–11). When the pH value was 9–11, the removal 
efficiency of As(V) by Fe(OH)3-TCNaOH with two particle sizes was reduced by more than 70%.

The above phenomenon can be explained by the presence of As(V) and Fe(III) in the solution. When the 
solution pH is 3–7, the surface functional groups of Fe(OH)3-TCNaOH are protonated, the loaded Fe(III) mainly 
exists in the form of positively charged Fe(OH)2+, while As(V) exists mainly in the form of negatively charged 
AsO2(OH)2

−. At this time, the adsorbate is combined with the adsorbent under electrostatic attraction, and 
As(V) is protonated or complexed on the surface of Fe(OH)3-TCNaOH, and acts as a H bond donor to form a 
double-toothed binuclear surface complex (as shown in Eq. (1)). The formation of H bond is beneficial to the 
adsorption of Fe(OH)3-TCNaOH to As(V) and increases the stability of Fe-As complex31.

 2Fe(OH)2+ + AsO2(OH)
−
2 + H+ → (FeO)2AsO(OH) + 2H2O (1)

Fig. 3. Settleability of Fe(OH)3-TCNaOH with different particle sizes in DI water (the size of Fe(OH)3-TCNaOH 
from left to right in each figure ranges from 125 to 150 μm to < 61 μm. Figure (a) was left standing for 0 min. 
Figure (a-f) show the results of a 1 min standing interval).
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In the range of pH 7–9, the surface functional groups of Fe(OH)3-TCNaOH are deprotonated, and the loaded 
Fe(III) is gradually transformed into Fe(OH)4

−, while As(V) is into AsO3(OH)2−, which is more electronegative. 
At this moment, the electrostatic attraction between the adsorbate and the adsorbent gradually weakens, and 
As(V) is deprotonated on the surface of Fe(OH)3-TCNaOH and becomes an H bond receptor, forming a small 
number of single-tooth bond32–34, as shown in Eq. (2).

 Fe(OH)−4 + AsO3(OH)
2− + OH− → FeOAsO4(OH)2 + 2H2O (2)

At pH 9–11, Fe(III) mainly exists in the form of Fe(OH)4
−, and As(V) is further transformed into AsO4

3−. At 
this time, the electrostatic repulsion between the adsorbate and the adsorbent gradually increases, and AsO4

3− 
cannot contact the Fe-O group on the surface of Fe(OH)3-TCNaOH, making it difficult to carry out chemisorption 
behavior, resulting in a precipitous decline in the adsorption effect of Fe(OH)3-TCNaOH on As(V).

Effect of initial concentration and reaction temperature on the adsorption of As(V) by 
Fe(OH)3-TCNaOH
The effect of initial concentration and reaction temperature on the adsorption of As(V) by Fe(OH)3-TCNaOH 
with particle size 61–75 μm and < 61 μm are shown in Fig. 7.

As can be seen from Fig.  7, the adsorption capacity of Fe(OH)3-TCNaOH to As(V) increased with the 
increase of reaction temperature, indicating that the adsorption process of Fe(OH)3-TCNaOH to As(V) may be 
endothermic. In particular, when the initial concentration of As(V) was 4 mg/L and the reaction temperature 
increased from 25 °C to 45 °C, the adsorption capacity of Fe(OH)3-TCNaOH with particle sizes of 61–75 μm 
and < 61 μm increased from 2.78 to 3.58 mg/g to 4.47 and 5.52 mg/g, respectively. However, when the reaction 
temperature was increased from 45 °C to 55  °C, adsorption capacity of the two particle sizes of Fe(OH)3-TCNaOH 
was basically not different from that at 45 °C.

In addition, it can also be seen from Fig. 7 that the adsorption capacity of Fe(OH)3-TCNaOH with a particle 
size < 61  μm was always higher than that of Fe(OH)3-TCNaOH with particle size of 61–75  μm at the studied 
reaction temperature (25–55 °C).

Table 1 summarizes the arsenic adsorption capacity by different adsorbents. As can be seen from Table 1, 
Fe(OH)3-TCNaOH can achieve a high removal rate in a shorter time. The relatively low adsorption capacity 
of Fe(OH)3-TCNaOH for As(V) is due to the low initial As(V) concentration. Therefore, in the removal of low 
concentration As(V), Fe(OH)3-TCNaOH is a very good option.

Effect of co-existing ions on adsorption of As(V) by Fe(OH)3-TCNaOH
Based on the coexistence of multiple cations and anions in actual wastewater, these co-existing ions may interfere 
with the adsorption of Fe(OH)3-TCNaOH to As(V). Since the pH of the solution was controlled at 9 in this study, 
most metal cations exist in the form of precipitate at this pH condition. Five ions (NH4

+, Ca2+, Cl−, CO3
2− and 

PO4
3−) with an ion concentration of 5 mg/L were added to As(V)-containing solution, respectively, to study the 

effect of coexisting ion on adsorption of As(V) by Fe(OH)3-TCNaOH, as shown in Fig. 8.

Fig. 4. Effect of adsorbent particle size on adsorption of As(V) by Fe(OH)3-TCNaOH (initial concentration of 
As(V) was 5 mg/L, pH in solution 9, dosage of adsorbent 0.8 g/L, reaction temperature 25 °C, reaction time 
10 min).
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From Fig. 8 can be seen that when NH4
+, Ca2+, Cl− and CO3

2− of 5 mg/L coexist, the removal rate of As(V) 
by Fe(OH)3-TCNaOH of the two particle sizes (61–75 μm and < 61 μm) was almost unchanged, indicating that 
the adsorption capacity of Fe(OH)3-TCNaOH to As(V) was almost unaffected by these ions. In contrast, the 
effect of PO4

3− on the adsorption of As(V) by Fe(OH)3-TCNaOH was very significant, that is, the removal rates 
of Fe(OH)3-TCNaOH with particle sizes of 61–75 μm and < 61 μm decreased from 90.1 to 96.2% to 62.3 and 
74.4%, respectively. This is because the spatial structure of PO4

3− is similar to that of AsO4
3−, resulting in PO4

3− 
competing with AsO4

3− for the active site on the surface of Fe(OH)3-TCNaOH and possibly reacting with Fe3+ to 
form the precipitate of FePO4. On the other hand, even if the concentration of coexisting PO4

3− and As(V) was 
the same, the removal efficiency of Fe(OH)3-TCNaOH with two particle sizes for As(V) was greater than 60%, 
which further indicates that Fe(OH)3-TCNaOH has a strong adsorption effect on As(V).

Characterization of adsorbent
Pore size and specific surface area of the adsorbent
The pore sizes and specific surface area of TC, TCNaOH and Fe(OH)3-TCNaOH with two particle sizes (61–75 μm 
and < 61 μm) were compared, as shown in Table 2.

It can be seen from Table 2 that the pore volume of the four materials is similar, about 0.11 cm3/g. Among 
the three materials, the largest average pore size (6.91 nm) and the smallest specific surface area (68.6 m2/g) of 
TC explain the reason why the removal rate of TC for As(V) was the lowest in Fig. 2. The pore size of TCNaOH 
(6.46 nm) is smaller than that of TC (6.91 nm), which means that the modification of NaOH increased the 
specific surface area of TC (from 68.6 to 74.8 m2/g). The specific surface areas of Fe(OH)3-TCNaOH with 61–
75 μm and < 61 μm are 82.6 and 84.4 m2/g, respectively, which were much higher than the 6.46 nm of TCNaOH, 
indicating that the specific surface area of TC was further improved by iron modification. The smallest pore 

Fig. 5. Effect of reaction time on adsorption of As(V) by Fe(OH)3-TCNaOH (initial concentration of As(V) was 
5 mg/L, pH in solution 9, dosage of adsorbent 0.8 g/L, reaction temperature 25 °C).

 

Scientific Reports |        (2024) 14:23073 7| https://doi.org/10.1038/s41598-024-74115-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


size and the largest specific surface area make Fe(OH)3-TCNaOH with particle size < 61  μm the best removal 
performance of As(V).

Figure 9 shows the N2 adsorption/desorption curves and pore size distribution of the three adsorbents. It can 
be seen that the type of N2 adsorption/desorption isotherms of the three materials are the same, similar to type 
IV isotherms with H3 hysteresis loops, showing the characteristics of mesoporous materials. The adsorption 
process begins with the formation of single or multiple layers on the surface of the material, followed by pore 

Fig. 7. Effect of initial concentration and reaction temperature on the adsorption of As(V) by Fe(OH)3-
TCNaOH (initial concentration of As(V) was 0.5-5 mg/L, pH in solution 9, dosage of adsorbent 0.8 g/L, reaction 
time 30 min, reaction temperature 25–45 °C).

 

Fig. 6. Effect of pH in solution on adsorption of As(V) by Fe(OH)3-TCNaOH (initial concentration of As(V) 
was 5 mg/L, dosage of adsorbent 0.8 g/L, reaction time 30 min, reaction temperature 25 °C).

 

Scientific Reports |        (2024) 14:23073 8| https://doi.org/10.1038/s41598-024-74115-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


condensation. There is no obvious saturated adsorption platform in the hysteresis loop, indicating that the pore 
structure is very irregular.

It can be seen from the pore size distribution in Fig. 9 that the main peak positions of the three materials 
are similar. In the range of 10–70 nm, the overall peak shape is wide, indicating that the pore size distribution 
of the material is not uniform, which is consistent with the hysteresis loop of N2 adsorption/desorption curve. 
The pore size of TC is mainly distributed in the range of 9–70 nm, among which the pore size of 35 nm is the 
most abundant, and a small number of micropores (< 2 nm) are also contained. Compared with TC, the number 
of 3–5  nm mesoporous pores of Fe(OH)3-TCNaOH of the two particle sizes increased significantly, while the 
number of pores above 20 nm decreased significantly, indicating that the modification process changed the pore 
structure of TC. This is consistent with the results in Table 1.

Sample
Pore volume
(cm3/g)

Aperture
(nm)

Specific surface area
(m2/g)

TC 0.11 6.91 68.6

TCNaOH 0.11 6.46 74.8

Fe(OH)3-TCNaOH with 61–75 μm 0.10 5.32 82.6

Fe(OH)3-TCNaOH with < 61 μm 0.11 4.93 84.4

Table 2. The pores size and specific surface area for three adsorbents.

 

Fig. 8. Effect of coexisting ions on adsorption of As(V) by Fe(OH)3-TCNaOH (initial concentration of As(V) 
was 5 mg/L, coexisting ion concentration 5 mg/L, pH in solution 9, dosage of adsorbent 0.8 g/L, reaction time 
30 min, reaction temperature 25 °C).

 

Adsorbent Initial pH Adsorption capacity
Equilibrium
time Valence state of arsenic

Amine-doped acrylic ion exchange fiber 35 3.04 100.35 mg/g 60 min As(V)

Modacrylic anion exchange fiber 36 7.5–8.6 0.346 mmol/g 180 min As(V)

This study 9 5.52 mg/g 30 min As(V)

Fe-impregnated food waste biochar 37 7.0 119.5 mg/g 60 min As(III)

Aluminum-Modified Food Waste Biochar 38 11 52.2 mg/g 24 h As(III)

Table 1. Arsenic adsorption capacities of different adsorbents.
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Phase analysis
The phase analysis of TC, Fe(OH)3-TCNaOH (particle size 61–75 μm) and Fe(OH)3-TCNaOH-As(V) was carried 
out to determine the surface structure changes before and after TC modification and after adsorption of As(V). 
The results are shown in Fig. 10.

All three materials in Fig. 10 have a distinct hump at 25°, which is a typical of a wide graphitic carbon peak. 
The peak intensity indicates that the crystallinity of carbon in the three materials is poor, indicating that the 
main component is amorphous carbon29. The characteristic peaks of ZnS crystals are at 27°, 28°, 30°, 39°, 47° and 
57° on TC, respectively. The ZnS phase is formed by the reaction between S in the vulcanization process29 of tire 
production and ZnO added in tire production during the pyrolysis of waste tires39,40. The characteristic peaks 
of SiO2 crystals are at 21°, 27°, 36° and 42° on TC, respectively. SiO2, which has a decomposition temperature 
of 1713 °C, is a commonly used additive in tire production, and it is difficult to decompose SiO2 during the 
pyrolysis process of waste tire, so it is converted into pyrolysis char40. It can also be noted that in Fig. 10, Fe(OH)3-
TCNaOH has no obvious diffraction peaks of iron-containing compounds, indicating that Fe(OH)3-TCNaOH has 
poor crystallinity. After Fe(OH)3-TCNaOH adsorbed As(V), the crystallinity is not good even if a new substance 
is formed41.

Compared with TC, the graphite peak intensity of Fe(OH)3-TCNaOH and Fe(OH)3-TCNaOH-As(V) decreased 
significantly at 25°, and the characteristic peak intensity of ZnS also decreased significantly. This may be because 
the loaded iron forms a layer of iron-containing compounds with low crystallinity on the surface of the char. 
Similarly, SiO2 peaks in Fe(OH)3-TCNaOH and Fe(OH)3-TCNaOH-As(V) are significantly reduced compared to 
TC because the NaOH modification process removes most of the SiO2.

Energy spectrum analysis
The energy spectrum analysis of TC, Fe(OH)3-TCNaOH (particle size 61–75 μm) and their adsorption of As(V) 
is shown in Fig. 11.

Figure 11(a) shows the atomic ratios of C, O, Al, Si, S, Ca, Fe, Zn, and As in TC. Compared with Fig. 11(a), 
the ratio of Fe and O atoms in Fe(OH)3-TCNaOH in Fig. 11(b) increased from 0.10 to 10.25% to 4.55 and 37.40%, 
respectively, indicating that Fe elements were successfully loaded on the surface of char in the form of iron oxide. 
Compared with Fig. 11(a), the As atom ratio in TC-As(V) (Fig. 11(c)) increased from 0 to 0.16%, indicating that 
a small amount of As was adsorbed on the TC surface. Similarly, compared with Fig. 11(b), the As atom ratio 

Fig. 9. N2 sorption/desorption curves (left) and pore size distributions (right) for TC and Fe(OH)3-TCNaOH.
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in Fe(OH)3- TCNaOH-As(V) (Fig. 11(d)) increased from 0 to 0.85%, indicating that As(V) was adsorbed on the 
surface of Fe(OH)3-TCNaOH.

X-ray photoelectron spectroscopy (XPS) analysis
In order to further clarify the adsorption mechanism of As(V), the surface elemental states of TC and Fe(OH)3-
TCNaOH (particle size 61–75 μm) before and after adsorption were analyzed by XPS), as shown in Fig. 12.

As shown in Fig. 12, the four samples exhibit the same peaks around 92.7, 142.2, 283.2, 531.5 and 1020.7 eV, 
corresponding to Si 2p, S 2p, C 1s, O 1s and Zn 2p respectively. It means that there are Si, S, C, O and Zn elements 
in TC and Fe(OH)3-TCNaOH, and there is basically no change after adsorption of As(V), which is consistent with 
Xu41. In the spectra of Fe(OH)3-TCNaOH and Fe(OH)3-TCNaOH-As(V), the characteristic peak of Fe 2p can be 
clearly seen at about 710 eV. In addition, Fe(OH)3-TCNaOH-As(V) showed a new peak around 45.1 eV in As 3d, 
which confirmed the transfer of As(V) from the liquid phase to the surface of Fe(OH)3-TCNaOH. However, As 3d 
in TC-As(V) is very weak near 45 eV, which is consistent with the results in Fig. 2, that is, Fe(OH)3-TCNaOH has 
a much better adsorption effect on As(V) than TC.

XPS spectra changes of C, O, Fe and As were further studied, and the results were shown in Figs. 13 and 14.
Figure 13 shows that the C1s spectra of TC and TC-As(V) include two peaks corresponding to sp2 hybrid 

carbon (C = C) at 284.0  eV and C-O at 285.8  eV. C = C dominated in TC and TC-As(V), with 89.1% and 
92.9%, respectively. The C1s spectra of Fe(OH)3-TCNaOH and Fe(OH)3-TCNaOH-As(V) consist of three peaks, 
corresponding to C = C, C-O, C = O at 284.0, 285.9, 288.9 eV, respectively. The contents of these three kinds of 
carbon in Fe(OH)3-TCNaOH and Fe(OH)3-TCNaOH-As(V) are 74, 18.8, 7.2% and 80.4, 15.8, 3.8%, respectively. 
Both TC and Fe(OH)3-TCNaOH contain more sp2 carbon (89.1 and 74% respectively), indicating that the degree 
of graphitization is higher, and the surface of Fe(OH)3-TCNaOH contains more oxygen functional groups than 
that of TC.

As can be seen from Fig. 14(a), the O 1s spectrum of Fe(OH)3-TCNaOH can be divided into three peaks of 
529.5, 531.2 and 532.6  eV, belonging to Fe-O, Fe-OH and H-O-H, with intensities of 31.8, 48.9 and 19.3%, 
respectively42,43. The strength of Fe-OH peaks is greater than that of the other two oxygen-containing structures, 

Fig. 10. Phase analysis of TC, Fe(OH)3-TCNaOH and Fe(OH)3-TCNaOH-As(V).
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indicating that Fe(OH)3-TCNaOH surface is dominated by Fe-OH. In the O 1s spectrum after adsorption of 
As(V), the peak strength of Fe-OH decreased from 48.9 to 44.3%, while the peak strength of Fe-O increased 
from 31.8 to 36.4%, indicating that hydroxyl group participated in the surface chemisorbed process and formed 
a new complex Fe-O-As through exchange with Fe-OH ligand44,45.

As shown in Fig.  14(b), the Fe 2p spectrum of Fe(OH)3-TCNaOH has two prominent peaks at 710.7 and 
724.4 eV, corresponding to Fe 2p3/2 and Fe 2p1/2, respectively. Since the satellite peak of the binding energy of 
720 eV corresponds to Fe(III), it means that Fe exists as Fe(III) in Fe(OH)3-TCNaOH. The Fe 2p3/2 and Fe 2p1/2 
spectra of Fe(OH)3-TCNaOH-As(V) are located at 709.8 and 723.2 eV, respectively, that is, the binding energy of 
Fe 2p is slightly lower than that of Fe(OH)3-TCNaOH, indicating that Fe participates in the adsorption reaction46.

From Fig. 14(c) can be seen that As 3d can decompose two peaks at 43.1 and 45.0 eV, corresponding to 
As(III) and As(V), respectively, with intensities of 11 and 89%, indicating that it is mainly adsorbed on the 
surface of Fe(OH)3-TCNaOH in the form of As(V). During XPS detection, a small amount of As(III) may be 
partially reduced to As(III) by ZnS on the surface Fe(OH)3-TCNaOH and X-ray47. When pH is 9, the loaded 
Fe(III) on the surface of Fe(OH)3-TCNaOH and adsorbed As(V) may undergo a single-tooth complex reaction, 
as shown in the following Eq. (2).

Conclusions
In line with the idea of “treating waste with waste”, TC was modified at room temperature and air atmosphere to 
obtain Fe(OH)3-TCNaOH adsorbent. The influencing factors and mechanism of removal of As(V) by adsorbent 
were studied systematically. The removal rate of As(V) by Fe(OH)3-TCNaOH modified with iron salt after alkali 
modified TC is higher than other modification methods. The particle size of Fe(OH)3-TCNaOH is inversely 
proportional to the sedimentation performance and proportional to the removal performance of As(V). The 
As(V) removal rate of Fe(OH)3-TCNaOH with particle size of 61–75 μm can reach 90% in 30 min at a wide pH 
range (3–9). In the experiment of coexistence ion effect, PO4

3- has the greatest interference on Fe(OH)3-TCNaOH 
adsorption of As(V), resulting in a decrease in the removal rate of As(V). The adsorption mechanism shows that 
the significant increase in the number of 3–5 nm mesoporous pores of Fe(OH)3-TCNaOH and the formation of H 
bonds are beneficial to the adsorption of Fe(OH)3-TCNaOH to As(V), and improve the stability of Fe-As complex.

Future research will focus on the desorption, regeneration and recycling of Fe(OH)3-TCNaOH adsorbents.

Fig. 11. Energy spectrum analysis.
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Fig. 12. XPS total spectra of TC and Fe(OH)3-TCNaOH before and after As(V) adsorption.
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Fig. 13. Spectrum changes of XPS C1s before and after adsorption of As(V) by TC and Fe(OH)3-TCNaOH.
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