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In this study, the dewatered sludge from the sewage plant and the open-hearth steel slag of the steel plant are used as raw materials. As two wastes, they were mixed and pyrolyzed to prepare a composite absorbent. Further, the adsorption mechanism of the adsorbent to chromium ions in the sewage is explored. The pyrolysis reaction behavior of sludge mixed with steel slag was studied by the thermogravimetric analysis technology. SEM, BET, and XPS were used to analyze the specific surface area, pore size distribution, and pore structure characteristics of pyrolysis products, respectively. Moreover, a comprehensive analysis of the adsorbent was carried out for the adsorption mechanism of hexavalent chromium ions. The results show that the addition of steel slag promotes the pyrolysis of the sludge in each stage. When the content of steel slag is 80%, the increases of reaction rate are the most obvious with the largest increase of weight loss rate in each stage. The SEM results show that the enrichment of sludge on metal oxides is enhanced in the high-temperature range (600–700°C). Besides, when the content of steel slag is 40–60%, the mixture’s growth rate of the specific surface area can reach 600% and the growth rate of total pore volume can reach 350% (the situations of sludge as the baseline). Regarding the measurement of Cr(VI), the adsorption rate of the steel-slag solution is 50.93% and that of the sludge solution is 69%. However, the adsorption rate can be increased to 95% when the steel slag and sludge were mixed as an adsorption solution. In conclusion, the adsorption mechanism of Cr(VI) by additives is controlled by both physical and chemical processes. The present study provides a theoretical basis and technical support for the scientific and reasonable utilization of sludge and steel slag.
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INTRODUCTION
Sewage sludge is one of the main byproducts after sewage treatment. As a kind of high-wet-base biomass, it contains not only organic residues, inorganic particles, and colloids (Wei et al., 2011) but also a large amount of toxic and harmful substances such as pathogenic bacteria (Fernando and Fedorak, 2005), dioxins (Raheem et al., 2018), and heavy metal ions (Fang et al., 2016). If it is discharged without treatment, it is very easy to cause secondary pollution to groundwater and soil, endangering human health directly (Bondarczuk et al., 2015). Most of the domestic and foreign sludge treatment technologies and equipment are mainly aimed at the safe disposal of sludge digestion. The disposal methods mainly include anaerobic digestion, sanitary landfill, incineration treatment, and water body disposal (Raheem et al., 2018; Stunda-Zujeva et al., 2018), which have not produced actual economic benefits and formed valuable commodities. Steel slag is the main byproduct of the iron and steel production process, which is composed of various oxides oxidized by impurities such as silicon, manganese, phosphorus, and sulfur in pig iron in the smelting process and salts generated by the reaction of these oxides and solvents (Piatak et al., 2015). At present, the utilization of steel slag is mainly consumed in the direction of building materials (Liu et al., 2020; Sridhar and Sastri, 2021), and the efficient development and utilization of steel slag resources has been the focus of attention of the metallurgical industries around the world for many years (Diao et al., 2016).
Due to the high content of carbon, hydrogen, nitrogen, phosphorus, and other resource elements, sludge has become a key resource, which can be used as a raw material. It is possibly a valuable strategy to convert it into biochar through the heat treatment technology (Bora et al., 2020). Pyrolysis, a typical heat treatment technology (Barry et al., 2019), which can reduce the volume of sludge, kill microorganisms, and parasite eggs and transform heavy metals from a weakly bound state to a stable state, ensures the security of applications (Jin et al., 2016). The bio-oil and pyrolysis gas produced by pyrolysis are potentially for reusing (Cao and Pawlowski, 2012). The biological carbon can be used as a fertilizer or made into an adsorbent, the whole process of which has higher resource utilization and better environmental protection.
In recent years, pyrolysis of sludge into an adsorbent has attracted the attention of many scholars. However, the porosity, specific surface area, and adsorption capacity of the adsorbents produced by pyrolysis of sewage sludge are far behind those of commercial activated carbon adsorbents. In order to improve the adsorption performance of sludge adsorbents, some scholars used other biomass for co-pyrolysis such as cotton stalks (Wang et al., 2019), rice husks (Yang et al., 2010), and bagasse (Lin et al., 2017). Some scholars have tried to add chemical agents for activation during the pyrolysis process. Li et al. used ZnCl2 and KOH to activate the sludge to prepare desulfurizing adsorbents (Li et al., 2014); the capacity of sulfur is 7.7 mg/cm3, the maximum value of iodine is 409.95 mg/g, and the desulfurization activity is better than that of industrial activated carbon. The co-pyrolysis technology was applied to municipal sewage sludge and hazelnut shells with the alkaline activating agent K2CO3 by Zhao et al. (2018), and they found that after co-pyrolysis at 850°C, the specific surface area reached 1990.23 m2/g and the iodine adsorption number was 1068.22 mg/g. Luo et al. (2020) activated the sludge with KOH and H2SO4 and found that both KOH and H2SO4 can reduce the pyrolysis activation energy and promote the release of volatiles. However, from the perspective of literature review, there is no mention of adding steel slag in the pyrolysis process of sludge.
The metal oxides such as CaO, A12O3, Fe2O3, and MgO and a large amount of Fe contained in the steel slag all have certain catalytic activity. During the pyrolysis of pine wood chips, Lee added steel slag as an adsorbent, which significantly accelerated the reaction rate and promoted the generation of CH4 and H2 (Lee et al., 2020). About 40% of the open-hearth steel slag is CaO. Zuo found that in the study of the reduction characteristics of copper slag using biochar as a reducing agent, CaO can improve the reduction reaction of 2FeO·SiO2 in copper slag and significantly reduce Gibbs free energy (Zuo et al., 2019). As a catalyst, the performance of steel slag is acceptable to improve the adsorption. Meanwhile, the application of steel slag is an environmental-friendly method for addressing the waste pollution.
In this study, steel slag mixed with sewage sludge was used for pyrolysis preparation of the adsorbent to adsorb Cr (VI), which is extremely harmful to the human body in sewage. The steel slag helps the sludge base to produce a larger adsorption surface area. At the same time, certain components contained in the steel slag undergo oxidation–reduction reactions with Cr(VI), which helps the adsorption of Cr(VI). The pyrolysis behavior of the sludge mixed with steel slag was investigated by the thermogravimetric analysis technology, combined with the e-sports scanning technology, the specific surface area analysis technology, X-ray photoelectron spectroscopy (XPS), and other means to analyze the adsorption mechanism of sludge-based adsorbents. The concept of “treating waste with waste” has been a successful realization and has provided a feasible path for the development and utilization of sludge and steel slag.
MATERIALS AND METHODS
Materials Preparation
In this study, sewage sludge with a moisture content of 78% was obtained from a sewage treatment plant in Qingdao, China. The sewage sludge was dried at 105°C for 24 h and then ground into a powder ( <80 μm). The industrial analysis and elemental analysis of the sample are shown in Table 1. The steel slag was taken from a steel plant in Qingdao, China, and ground into a powder ( <80 μm). The composition of steel slag measured by X-ray fluorescence spectroscopy (XRF) is shown in Table 2. The main chemicals used in the research are potassium dichromate (K2Cr2O7, AR), diphenylcarbazide (C13H14 N4 O, AR), sulfuric acid (H2SO4, AR), and phosphoric acid (H3PO4, AR), which are produced by Tianjin Guangcheng Chemical Reagent Co., Ltd.
TABLE 1 | Characteristics of bagasse and sludge on a dry basis.
[image: Table 1]TABLE 2 | Chemical composition of steel slag.
[image: Table 2]GA Experiments and Kinetic Analysis
TG Experiment
We used a thermogravimetric analyzer (METTLER TGA/DSC1) to pyrolyze sludge and steel slag. The accuracy of the thermometer is ±0.2 K, and the sensitivity of the microbalance is less than ±0.1 μg. The pyrolysis process is carried out under a nitrogen atmosphere with a purity of 99% and a flow rate of 20 ml/min. Each sample is kept at 10 ± 0.1 mg to alleviate heat- and mass-transfer limitations. The initial temperature is room temperature, the end temperature is 900°C, and the heating rate is set to 15 C/min. Pyrolysis was carried out with pure sludge (DS) and sludge steel slag with ratios of 1:4 (SS 20%), 2:3 (SS 40%), 3:2 (SS 60%), and 4:1 (SS 80%).
The kinetic parameters obtained from thermogravimetric analysis are often used to evaluate the thermal behavior of materials under isothermal or non-isothermal conditions. Under the non-isothermal boundary conditions, the degradation of the sludge may also be understood as comprising a heterogeneous solid-phase reaction with a complex reaction mechanism. In order to understand the mechanism of kinetics, the kinetic equation of the solid reaction was first established, and then, the effective kinetic parameters were solved by the nonlinear optimization method.
The solid-state degradation of sewage sludge as a single reaction can be represented as (Naqvi et al., 2018)
[image: image]
The rate equation of the solid reaction can be described by the following formula:
[image: image]
where k is the rate constant, f (α) is the kinetic model, t is the reaction time, and α is the extent of conversion. Also, α is defined in terms of mass loss as
[image: image]
where [image: image] is the initial mass of the precursor, w is the instantaneous mass, and [image: image] is the remaining mass of the material.
[image: image] is a function related only to the reaction mechanism. If the effect of temperature on the activation energy is ignored, then [image: image], where n is the reaction order of the reaction. From the Arrhenius equation that expresses the relationship between chemical reaction rate and temperature, the formula can be obtained
[image: image]
where A is the frequency factor, E is the activation energy, R is the ideal gas constant, and T is the absolute temperature.
Bringing Eq. 4 to Eq. 2, Eq. 2 becomes
[image: image]
According to the Coats-Redfern equation (Zaker et al., 2021), the heating rate [image: image] a is a fixed value, which can be put into Eq. 4 and sorted out to get
[image: image]
According to the method of Friedman (Friedman, 1964), the logarithm form is adopted for Eq. 6
[image: image]
For the general reaction temperature range and most E values, [image: image], therefore, [image: image], then
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[image: image]
Equations 8, 9 can be written as a straight line (y = ax + b). 1/T equals X, [image: image] and [image: image] are considered as y. Thus, the activation energy E can be obtained from the slope of the straight line, and the pre-exponential factor a can be obtained from its intercept. In this paper, the step size of n is 0.5, and the reaction order n is determined in the interval of 0–3 according to the principle of large absolute values of the correlation coefficient.
Pyrolysis Experiment
The pyrolysis experiment was carried out in a tube furnace (skgl-1200-II). The length of the quartz tube in the tube furnace was 1500 mm, and the inner diameter was 73 mm. About 5.000 ± 0.005 g of the raw material loaded into the quartz vessel is placed in the quartz tube. In order to form an oxygen-free atmosphere before pyrolysis, 0.5 L/min N2 was added into the system as a carrier gas for 10 min. N2 was added in the whole pyrolysis process to maintain an inert atmosphere. Under the heating rate of 15 C/min, the initial temperature was room temperature, the final temperature was 700°C, and the temperature was kept for 30 min. DS, SS 20%, SS 40%, SS 60, and SS 80% were made into adsorbents for standby. Then, the raw materials mixed with sludge and steel slag in the same ratio were prepared into adsorbents under the same conditions, but the final temperatures were 300°C, 400°C, 500°C, 600°C, and 700°C, respectively.
Adsorption Experiment
0.2829 g of potassium dichromate (K2Cr2O7; AR) was dissolved in a beaker with distilled water and poured into a 1L volumetric flask to make [image: image] Cr(VI) standard solution. We used a dilute (K2Cr2O7; AR) standard solution with distilled water to prepare 5 mg/L simulated wastewater. All adsorption experiments were carried out in a 250 ml conical flask at room temperature. The conical flask contained 100 ml of simulated wastewater. 500 mg of adsorbents of different components was added. After labeling, they were placed at a 160 r/min rotating speed. On the centrifuge, the centrifugation time is 12 h. The sample was filtered through a filter paper and a funnel, and the absorbance was measured by diphenylcarbazide spectrophotometry, and then, the concentration of chromium ions in the filtrate was analyzed. All adsorption experiments are repeated. Also, the adsorption rate of chromium ions Φ (%; removal efficiency) is as follows:
[image: image]
where Φ is the removal efficiency, [image: image] is the initial concentration of Cr(VI) in the solution [image: image], and [image: image] is the concentration of Cr(VI) at time t of adsorption [image: image].
Characteristic Description
The specific surface areas of sludge with different blending ratios and slag were made by N2 adsorption (at 77K) were determined using a surface analyzer (Micromeritics, ASAP 2460). Before the desorption procedure, the adsorbent was degassed at 320°C for 4 h under vacuum. The SEM images of the samples with different pyrolysis temperatures were obtained using a German Merlin high-resolution field emission scanning electron microscope. X-ray photoelectron spectroscopy (XPS; 250XI) was used to analyze the surface valence state and structure of the SS60% adsorbent before and after adsorption and explore its adsorption mechanism for Cr(VI).
RESULTS AND DISCUSSION
Thermogravimetric Analysis
As can be seen from Figure 1, there are three weight loss peaks during the pyrolysis reaction of simple sludge components, that is, pyrolysis is divided into three parts. The first stage of the weight loss peak starts at about 60°C, and the weight loss process is short and the rate is low until about 200°C, which is a process of water evaporation and separation in the sludge. In the second stage, the weightlessness begins at 200°C, and the weight loss process is longer and the rate is faster until about 550°C. This is caused by the transformation reaction of aliphatic compounds, protein, and carbohydrate compounds in the sludge, the breaking of peptide bonds and branched chains, and the release of a large number of volatiles (Magdziarz and Wilk, 2013). The third stage of weightlessness is between 550°C and 750°C, which is caused by the decomposition of residual organic salts in the sludge components.
[image: Figure 1]FIGURE 1 | TG-DTG curve of sewage sludge.
It can be seen from the TG curve in Figure 2 that the curve of pure sludge is the flattest, and after mixing with steel slag, as the mixing ratio increases, the curve gradually becomes steeper and the end point of the curve becomes lower and lower. It shows that the degree of pyrolysis of sludge has also increased, and the maximum increase is about 20%. From the DTG curve, we compared with pure sludge in the first stage, second stage, and third stage of the pyrolysis reaction. In the first stage, the peaks are all increased, the peaks are sharper, and the peak area becomes larger. The first stage does not increase in proportion, and the increase is about 26% of the pure sludge. This indicates that the internal sludge is contained in the sludge after adding steel slag. The rate of water release has increased and is more obvious. From the point of view of weight loss rate, the mixing of steel slag increases the evaporation of internal water. When the content of steel slag is 80%, the change is the largest, increasing from 9.5 to 16.1%; In the second stage of the pyrolysis process, the maximum weight loss rate is increased, reaching the maximum when the steel slag content is 80%, and the rate is increased by about one-third. When the content is 60%, the rate is slightly lower, but the weight loss rate reaches the maximum value, which is increased from 29%. As much as 41%, the maximum rate and weight loss rate in the third stage change positively with the content of steel slag. When the content of steel slag is 80%, both reach the maximum, increasing by 245 and 80%, respectively.
[image: Figure 2]FIGURE 2 | Thermogravimetric analysis of sludge and steel slag with different mixing ratios: (A) TG curve and (B) DTG curve.
In fact, the above-mentioned changes are caused because the steel slag contains a large amount of metal oxides such as CaO and Fe2O3. CaO itself can react with free water molecules and release heat, and it has a very high melting point. In the low-temperature stage of sludge pyrolysis, the H2O released as the temperature rises is released from the sludge and is converted from the bound state. It is a free state, and then, after contact with CaO, a chemical reaction occurs and energy is released, and it also provides a part of energy for the pyrolysis of sludge so that the reaction rate and weight loss rate of the first stage are increased. At the same time, when the pyrolysis temperature reaches 650 ∼ 750°C, a large amount of CO2 is generated and precipitated. This part of the gas is absorbed by CaO, thereby increasing the weight loss rate and the reaction rate. CaO may react as follows during pyrolysis: [image: image]. Fe2O3 is oxidizing and may react with H2 and CO from sludge pyrolysis under high-temperature conditions [image: image], and part of H2 and CO were absorbed, which accelerated the reaction rate and weight loss rate to a certain extent.
Pyrolysis Kinetic Analysis
It can be seen from Table 3 that when n = 3, the fitted linear correlation coefficient R2 = 0.9960 is the highest, and the frequency factor A = 15.3972 is the largest. Therefore, the kinetic model function of sludge pyrolysis is [image: image]3. The regression equation is y = 2919.2295x-7.9537. Also, the fitted image is shown in Figure 3.
TABLE 3 | Calculation results of the sludge cracking mechanism model.
[image: Table 3][image: Figure 3]FIGURE 3 | Fitting diagram of sludge pyrolysis kinetics.
Using the same mathematical model and calculation method, n = 3, the kinetic calculation of the pyrolysis process of the sludge steel slag mixture mixed with different proportions of steel slag is carried out. The obtained kinetic parameters and activation energy are shown in Table 4.
TABLE 4 | Calculation results of different ratios of sludge and steel slag cracking mechanism models.
[image: Table 4]It can be seen from Table 4 that the activation energy of the main reaction stage increases after mixing steel slag, and the activation energy increases from 24.2704 kJ/mol to 30.7768 kJ/mol with the increase of steel slag content. The maximum increase is up to 26.8 %, and this increase gradually increases with the change of steel slag content. It can be seen from Table 2 that CaO accounts for 38.59% of the total composition of steel slag and SiO accounts for 34.50% of the total composition of steel slag. According to the conclusion of thermogravimetric analysis, the existence of CaO can promote the decomposition and release of organic matter such as CH4 in the main stage of pyrolysis. The role of CaO in the activation energy is reduced, and there are metal oxides in steel slag. However, a high content of SiO2 does not have catalytic performance, and to a certain extent, it hinders the heat and mass transfer inside the sludge particles, hinders the pyrolysis reaction, and increases the activation energy. It can be deduced that SiO2 will play a certain inhibitory effect in the main stage of sludge pyrolysis. This effect increases gradually with the increase of SiO2 content, and the final activation energy increases or decreases are the results of multiple factors. Here, the incorporation of steel slag increases the activation energy of sludge and inhibits pyrolysis.
Micromorphology and Specific Surface Areas of the Adsorbent
It can be seen from Figure 4 from the surface morphology diagrams of each stage of pyrolysis that the surface of the sludge itself is relatively dense, and the particles are very rare. After being mixed with steel slag and pyrolyzed together, as the pyrolysis temperature increased, there was a very obvious change that a lot of particles appeared on the surface of the residue, and the dense surface became fluffy. After 500°C, the pores became larger and larger, which can be explained by that the pyrolysis reaction of the sludge progresses, and a large amount of volatiles are released after the temperature rises. The dense surface collapses and a large number of ravines are produced, which provides considerable adsorption possibilities for the adsorbent. However, the steel slag reacts with the sludge, and the pyrolysis temperature of 600–700°C strengthens the enrichment of heavy metals in the sludge. The concentration causes the precipitation of metal oxide groups and forms clusters with certain morphological characteristics.
[image: Figure 4]FIGURE 4 | SEM images of various stages of pyrolysis of sludge and steel slag: (A) DS, (B) 300°C SS, (C) 400°C SS, (D) 500°C SS, (E) 600°C SS, and (F) 700°C SS.
Specific Surface Area and Pore Structure of the Adsorbent
It can be seen in Figure 5 that the curve grows most rapidly within 0–50 nm after pyrolysis of pure sludge, the curve basically tends to be flat after 75 nm, and most of the points are concentrated between 0 ∼ 75nm, which shows that most of the average pore size of the pyrolysis residue is below 75 nm and the maximum pore size is about 275 nm. After adding steel slag, the slope of the adsorption pore volume curve increases compared with pure sludge, and the curve trend is closer to the Y-axis. It can be judged that the pore size of the mixed residue is relatively reduced. It can be seen from Table 5 that the total pore volume of the mixture is larger than that of pure sludge, and it increases first and then decreases with the increase of steel slag content. When the steel slag content is 40 and 60 %, the maximum is about 5 times of pure sludge, and the average pore diameter decreases. When the steel slag content was 80 %, it reached the minimum value of 4.1500 nm, which reduced about 60 % of the pure sludge, while the average pore diameter of the other three groups had little difference. The most probable diameter is basically unchanged. From the point of view of the diameter of the D90 hole, the change after mixing is large. The diameter of the D90 hole of the pure sludge is 99.2700 nm. As the amount of steel slag mixed increases, the diameter of the D90 hole decreases to between 23 ∼ 34 nm. The rate is 66 ∼ 77%. The change of the specific surface area is also very obvious, and its change trend is consistent with the total pore volume. It first increases and then decreases. When the steel slag content is 80%, the minimum is 31.8990 m2/g, and the growth rate is 158%. At 40%, the maximum is 88.7830 m2/g, and the growth rate is 616%.
[image: Figure 5]FIGURE 5 | Adsorption pore volume and pore area distribution curve of different mixing ratios of sludge and steel slag: (A) pore area and (B) pore volume.
TABLE 5 | Pore size distribution parameters of adsorbents with different contents of steel slag.
[image: Table 5]Combined with the analysis results of the pictures obtained by scanning electron microscopy, after the sludge and steel slag are mixed, the steel slag powder is dispersed and attached to the surface of the sludge, causing a lot of irregular protrusions on the surface of the mixture, and then undergoes high-temperature pyrolysis. Analyzing the moisture and volatilization contained in the sludge, the inside and surface of the sludge collapsed, and many macroporous structures appeared. At the same time, the enhancement of the enrichment of metal oxides by the sludge at high temperature makes this part of the material fill the sludge itself and the newly formed macroporous structure and disperse it into a number of relatively small mesopores. These changes also made the originally dense surface and became fluffy and porous, thus increasing the specific surface area of the mixture. However, as the steel slag content becomes larger and larger and the proportion reaches 80%, a large amount of steel slag filling makes the surface ravines of the sludge and the macroporous structure produced by pyrolysis gradually fill up and disappear, and the increase in the specific surface area of the product gradually decreases. It is even smaller than when it is not added. Therefore, in terms of specific surface area, it is not that the larger the amount of steel slag blended, the better the adsorption performance of the obtained adsorbent. A proper amount of steel slag blending will increase the specific surface area of the mixture and reduce its pore size range. The best blending amount is between 40 and 60%.
Adsorption Experiment
The results of adsorption experiments (Figure 6) exhibited that the sludge and steel slag after pyrolysis alone have a certain adsorption capacity for chromium ions, but the adsorption rate is not high. The adsorption rates of the steel slag and sludge for Cr(VI) are 50.93 and 69%, respectively. Nevertheless, the Cr(VI) adsorption rate of the product obtained from pyrolysis of the mixture of steel slag and sludge improves greatly, and the adsorption rate increases above 95%. When the steel slag content is 60%, the adsorption rate is the highest up to 99.75%. In fact, the adsorption rate of steel slag on Cr(III) is very high and the adsorption capacity of Cr(VI) is weak. The method in this paper can directly adsorb Cr(VI) with the blended pyrolysis residue and can also achieve an adsorption rate equivalent to Cr(III). On the one hand, the increase in specific surface area and surface wrinkles after blending pyrolysis greatly enhances its adsorption effect; on the other hand, the increase of metal oxides and the reducing groups generated after sludge pyrolysis are conducive to the affinity adsorption and reduction of Cr(VI) under a neutral pH environment.
[image: Figure 6]FIGURE 6 | Adsorption rate of sludge and steel slag with different mixing ratios of the adsorbent to Cr(VI) in solution
X-Ray Photoelectron Spectra Before and After SS 60% Adsorption
Figure 7A shows that the residues before and after adsorption contain the C and O elements. The adsorption peak of the O element changes significantly after adsorption, and the Cr peak appears in the full spectrum after adsorption. Figures 7B,C are the energy spectra of O 1s before and after adsorption. Before adsorption, 532.5 and 531.4eV are the binding energies of non-metal oxide (SiO2) and carbonate (CaCO3), respectively. The binding energy after adsorption is converted to 533.1 and 531.5eV, which are the binding energies of non-metal oxide (SiO2) and metal oxide (Cr2O3), respectively, indicating that the O element participates in the adsorption process. Figure 7D is the Cr 2p energy spectrum before adsorption. It can be seen that there are all miscellaneous peaks and no Cr 2p peaks. Figure 7E is the Cr 2p energy spectrum after adsorption. The binding energies of Cr 2p3/2 and Cr 2p1/2 are respectively 577.2 and 587 eV. Cr 2p3/2 can be peaked to fit Cr(VI) and Cr(III), and its binding energy is 578.4 and 576.6 eV, respectively; Cr 2p1/2 can be peaked to fit Cr(VI) and Cr(III) and its combination. The energy is 587.5 and 586 1eV, respectively (Ai et al., 2008). This may be due to the presence of some highly reducing components (such as zero-valent iron) in the adsorbent, which reduces a part of Cr(VI) to Cr(Ⅲ) through an oxidation–reduction reaction. This shows that the adsorption mechanism of the adsorbent to Cr(VI) is controlled by both physical and chemical processes.
[image: Figure 7]FIGURE 7 | XPS spectra (A) SS 60% before and after adsorption of Cr(VI). (B) O1s SS 60% before adsorption. (C) O1s SS 60% after adsorption. (D) Cr2p SS 60% before adsorption. (E) Cr2p SS 60% after adsorption.
CONCLUSION
The sludge-based adsorbent was prepared by blending pyrolysis of sludge with steel slag. It was found that the adsorbent had a good adsorption effect on Cr (Ⅵ). When steel slag accounted for 60%, the removal capacity of Cr (NaCl) in the solution reached 99.75%. Some metal oxides (CaO, Fe2O3) in steel slag can react with the gases (H2, CO) generated by sludge pyrolysis to promote sludge pyrolysis, while the high content of SiO2 in steel slag can increase the activation energy of sludge and inhibit sludge pyrolysis. At the same time, with the addition of steel slag, the pore structure of the sludge-based adsorbent becomes developed and the specific surface area doubles, and the optimal addition is when the steel slag ratio is 40–60%. In addition, XPS analysis shows that the adsorption mechanism of Cr(VI) by the additive is controlled by both physics and chemistry.
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