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Abstract: chromite ore processing residue is a waste generated in the production process of chromium salts. The
Cr(VI) in chromium residue is highly carcinogenic and toxic, posing significant negative impacts on human
health and the environment. Therefore, the treatment and disposal of chromium residue are urgently needed. In
this study, MIL-53(Fe, Al, Cr) was prepared using hydrochloric acid leaching and hydrothermal synthesis
methods and applied for the adsorption of methyl orange. MIL-53(Fe, Al, Cr) was characterized by XRD, SEM,
FT-IR, XPS, and other analytical techniques. The effects of leaching solution volume, MIL-53(Fe, Al, Cr)
dosage, and initial pH value on the adsorption of methyl orange were investigated. Experimental results showed
that under the conditions of 11 mL leaching solution volume, 0.3 g/L MIL-53(Fe, Al, Cr) dosage, initial pH of
3.0, and temperature of 25 °C the removal rate of methyl orange remained above 75% within 80 minutes for
initial concentrations ranging from 10 to 50 mg/L, with a maximum adsorption capacity of 127.73 mg/g.
Furthermore, kinetic and isotherm analyses of MIL-53(Fe, Al, Cr) adsorption process were conducted. The
pseudo-second-order kinetic model (R?=0.9981) provided a better fit for the methyl orange adsorption
experiment, indicating that the adsorption process is primarily chemical adsorption. The removal of methyl
orange better conformed to the Langmuir model (R>=0.9958), indicating monolayer adsorption.
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I Introduction

Chromium iron ore is an important mineral resource, mainly used for the production of ferrochrome alloys
and metallic chromium, which have extensive applications in metallurgy, chemical industry, machinery,
electronics, and other fields ™. Chromium ore processing residue (COPR) is a solid waste generated during the
production of chromium salts from chromium iron ore, containing high concentrations of toxic metals, with
hexavalent chromium (Cr(V1)) being the most prominent ! Hexavalent chromium is highly carcinogenic and
toxic, posing serious risks to human health and the environment. Therefore, the pollution caused by chromium
residue in soil, water bodies, and ecosystems has attracted considerable attention.

However, despite the presence of harmful substances in chromium residue, it also contains valuable metal
elements such as chromium, iron, and aluminum®. The recovery and utilization of these metal elements are of
significant economic and environmental importance. By developing efficient resource utilization technologies,
dependence on primary ores can be reduced, production costs can be lowered, and resource recycling can be
promoted, thereby achieving the goals of efficient resource utilization and circular economy.

In recent years, metal-organic frameworks (MOFs) materials have received widespread attention due to
their unique crystalline structure and excellent physicochemical properties®. Among various MOFs,
iron-based MOFs (Fe-MOFs) are widely utilized in water treatment due to their construction of iron oxide
clusters and organic linkers®. MIL is a type of MOF material s?/nthesized from different transition metal
elements and dicarboxylate ligands, possessing excellent flexibility™.

Methyl orange (MO) is a common dye used in various fields such as food, cosmetics, dyeing textiles,
plastics, etc. However, MO is also a pollutant due to its high biochemical oxygen demand, toxicity, poor
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biodegradability, and dark color, which prevents sunlight from penetrating into the water, severely impacting the
photosynthesis of aquatic organisms™ 2. Consequently, this leads to a decrease in dissolved oxygen levels in
water bodies, affecting the life activities of aquatic plants and animals.

This study aims to utilize the leachate obtained from acid leaching of chromium residue as a raw material,
and employ a hydrothermal synthesis method to prepare MIL-53(Fe, Al, Cr) material containing valuable metal
elements. The materials were analyzed using characterization techniques such as X-ray diffraction (XRD),
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), X-ray photoelectron
spectroscopy (XPS), etc. After successful preparation of MIL-53(Fe, Al, Cr), it was applied to the adsorption of
methyl orange (MO), investigating the effects of leachate volume, initial concentration of MO, dosage of
MIL-53(Fe, Al, Cr), initial pH value, temperature, and other process parameters on the adsorption performance
of MO. Additionally, the kinetic model and adsorption isotherm model of the MIL-53(Fe, Al, Cr) adsorption
process were explored.

II. Experimental
1.1 Preparation of Hydrochloric Acid Leachate

The chromium slag, after being pre-dried in a forced air drying oven at 60°C, is sieved through a 100-mesh
screen. The sieved chromium slag is then subjected to a simple water rinse. Subsequently, hydrochloric acid is
mixed with the pre-treated chromium slag at a liquid-to-solid ratio of 7:2. The mixture is transferred to a
homogeneous reaction vessel, and the reaction vessel is set at conditions of 120°C and 40 rpm. The sealed
reaction vessel is placed in a homogeneous reactor for an 8-hour reaction®™!. After cooling, the mixture is
filtered, quantitatively transferred to a 200 mL volumetric flask, and stored. This process yields the hydrochloric
acid leachate of chromium slag, from which the content of ions such as Fe?* and Fe*" is determined.

1.2 Preparation of MIL-53(Fe, Al, Cr)

Using hydrochloric acid leachate as the raw material, MIL-53(Fe, Al, Cr) adsorbent was synthesized via a
hydrothermal synthesis method!*“. Firstly, precisely weigh 0.15 g of terephthalic acid (H2BDC) and place it into
a 50 mL beaker. Add 20 mL of N, N-dimethylformamide (DMF) organic solvent into the beaker and seal the
beaker with a polyethylene film. Place the beaker on a constant temperature magnetic stirrer with a stirring
speed of 350 rpm and stir for several minutes until the solution becomes transparent. Accurately transfer 11 mL
of hydrochloric acid leachate into a 100 mL PTFE liner, and then pour the above transparent solution along the
inner wall of the PTFE liner. At the same time, add a cylindrical magnetic stir bar, and place the liner on a
magnetic stirrer with a stirring speed of 350 rpm for 2 hours. Then, seal the liner in a stainless steel
homogeneous reaction vessel and react at 150°C in a forced air drying oven for 15 hours. After the reaction,
remove the homogeneous reaction vessel and cool it to room temperature. Filter the mixture through a
microporous membrane (0.45 um) to obtain a dark brown precipitate. Wash the precipitate with deionized water
and anhydrous ethanol at least three times, and then dry the filtered powder in a vacuum drying oven at 60°C for
12 hours. Finally, grind the dried powder into fine particles using an agate mortar to obtain the MIL-53(Fe, Al,
Cr) material, and transfer it to a 5 mL centrifuge tube for storage. The flowchart of the material preparation
process is shown in Figure 1.

Cooling
Filtering

Dry, grind

Fig 1: Flowchart of MIL-53(Fe, Al, Cr) preparation and its removal of MO
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1.3 Batch adsorption experiments

First, prepare 100 mL solutions of different concentrations (10 ~ 50 mg/L) of MO in 250 mL beakers.
Measure their initial pH values using a pH meter, and adjust the pH values (3.0 ~ 9.0) with HCI and NaOH. Add
MIL-53(Fe, Al, Cr) adsorbent (0.1 g/L, 0.2 g/L, 0.3 g/L, 0.4 g/L). Place the beakers quickly on a constant
temperature magnetic stirrer and seal the beaker mouths with polyethylene film. Adsorb for 60 minutes at a
stirring speed of 450 rpm. During the first 10 minutes of adsorption, use a syringe to take appropriate samples (3
~ 4 mL) every 5 minutes, and then take samples every 10 minutes thereafter. After sampling, filter through a
0.22 pum nylon filter, and then perform wavelength scanning with a UV-visible spectrophotometer at 350 nm to
500 nm to measure the maximum absorbance of MO within this range. All methyl orange removal experiments
were repeated three times.

IIl. Results and discussion
2.1 Leachate Analysis

The different factors such as the liquid-to-solid ratio of hydrochloric acid to chromium slag, reaction
temperature, reaction duration, and the rotational speed of the homogeneous reactor can all affect the elemental
content in the leachate. The main elements in the hydrochloric acid leachate prepared in this experiment include
Fe**, Fe®*, Mg®*, AI**, Cr¥, and Si**, with their respective concentrations shown in Table 1.

Table 1: Main chemical composition of chromium slag hydrochloric acid leachate

Componen F F M A C S
ts e3+ ez+ gz+ |3+ 3+ 4+

6 9 2 2 2 2

(mg/L) — geg.60 0.07 75282 47153 39L72 11

2.2 Characterization analysis of the adsorbent

X-ray diffraction (XRD) analysis was performed to determine the phase composition of MIL-53(Fe, Al, Cr),
as shown in Figure 2. The XRD spectrum of MIL-53(Fe, Al, Cr) exhibits three distinct diffraction peaks located
at approximately 19.02°, 24.92°, and 28.38°. These peaks closely match those of the pure reagent MIL-53(Fe)
and are consistent with previous literature reports™*". Additionally, it is known from previous studies that
MIL-53(A[I1)8 ?Hd MIL-53(Cr) exhibit diffraction peaks similar to MIL-53(Fe), mostly appearing in the range of
10° to 30°4H,

—— MIL-53(Fe. Al. Cr)
—— MIL-53(Fe)

Intensity(a.u.)

T T T T T T 1

10 20 30 40 50 60 70 80
20(degree)

Fig 2: X-ray diffraction (XRD) spectrum of MIL-53(Fe, Al, Cr)

SEM was used to characterize the morphology and structure of MIL-53(Fe, Al, Cr). The SEM results are
shown in Figure 3(a). MIL-53(Fe, Al, Cr) exhibits irregularly aggregated particles with some rod-like
formations, accompanied by certain pores in the surrounding area. Previous studies have reported that
MIL-53(Al), MIL-53(Cr), and MIL-53(Fe) possess structures such as layered, spherical, and spindle-shaped,
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respectively. In comparison, the structure of MIL-53(Fe, Al, Cr) resembles MIL-53(Cr) more closely™.

Subsequently, energy-dispersive X-ray spectroscopy (EDS) was employed for elemental analysis, and the results
are shown in Figure 3(b) and Table 2. The main elements detected in this material are C, O, Fe, Al, and Cr, with
no other impurity elements observed. Moreover, the mass ratios of these elements are 36.74%, 27.02%, 22.85%,
8.36%, and 5.03%, respectively. Therefore, it can be preliminarily confirmed that the material is MIL-53(Fe, Al,
Cr).

1#5

Cr

Energy [keV]
Fig 3: (a) SEM Image of MIL-53(Fe, Al, Cr), (b) EDS spectrum of MIL-53(Fe, Al, Cr)
Table 2: Elemental composition analysis of MIL-53(Fe, Al, Cr)

Elements C (0] F A c

9
Witk 6.74 7.02 2.85 .36 .03

The Fourier transform infrared (FT-IR) spectrum of MIL-53(Fe, Al, Cr) from 500 to 4000 cm™ is shown in
Figure 4. Several prominent characteristic peaks are observed in the spectrum, located at 3431 cm™, 1700 cm™,
1580 cm™, 1413 cm™, 1023 cm™, 752 cm™, 592 cm™, and 475 cm™, respectively. The peak at 3431 cm™
corresponds to the stretching vibration absorption peak of O-H, with a sharp shape and relatively high intensity,
possibly due to the adsorption of moisture from the air?® %!, The peak at 1700 cm™ corresponds to the stretching
vibration absorption peak of C=0, while the peaks at 1580 cm™ and 1413 cm™ correspond to the anti-symmetric
and symmetric stretching vibration absorption peaks of C-O in the -COOH group, respectively. The bending
vibration absorption peak of C-H in the benzene ring is located in the range of 752 cm™**. Due to the presence
of metal-oxygen coordination bonds between metal ions and organic ligands, corresponding stretching vibration
absorption peaks of Al-0%> 2% Cr-O1 honds appear in the MIL-53(Fe, Al, Cr) material, located at 1023 cm™
and 592 cm™, respectively. The stretching vibration absorption peak of Fe-O bond is observed at 475 cm™,
which deviates slightly from the range of 545-570 cm™ reported in previous references!. This discrepancy may
be attributed to differences in sample purity, crystallinity, and synthesis conditions. Taken together, these results
further confirm the identity of the material as MIL-53(Fe, Al, Cr).
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Fig 4: Fourier transform infrared (FT-IR) analysis of MIL-53(Fe, Al, Cr)
2.3 Adsorption Performance Evaluation
2.3.1 Adsorption performance and kinetic analysis

The adsorption capacity and kinetics of MIL-53(Fe, Al, Cr) material were studied under different initial
concentrations of methyl orange (MO) solution. At a temperature of 25°C, 0.3 g/L of adsorbent was added
separately to 100 mL of MO solutions with concentrations of 10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, and 50
mg/L. The adsorption time was 60 minutes. The results are shown in Figure 5. It can be observed that the
adsorption rate of the adsorbent was relatively fast in the first 10 minutes and then gradually slowed down. This
might be due to the gradual occupation of adsorption sites, leading to the adsorption capacity of MIL-53(Fe, Al,
Cr) gradually stabilizing and reaching equilibrium. Furthermore, as the concentration of MO solution increased
from 10 mg/L to 50 mg/L, the adsorption capacity of the adsorbent for the MO solution also increased
continuously. The maximum adsorption capacities at 60 minutes were 33.54 mg/g, 66.25 mg/g, 97.03 mg/g,
111.64 mg/g, and 127.73 mg/g, respectively. This could be attributed to the higher concentration of MO,
resulting in a greater concentration difference between the surface of MIL-53(Fe, Al, Cr) material and the liquid
phase, thereby accelerating mass transfer rates!®®!, and ultimately increasing the removal capacity of MO.
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Fig 5: Influence of different concentrations of Methyl Orange on the adsorption performance of
the material

The experimental data with an MO concentration of 30 mg/L were fitted using the pseudo-first-order
kinetic model and the pseudo-second-order kinetic model. The results are shown in Figure 7. The linear forms of
the pseudo-first-order and pseudo-second-order kinetic equations are expressed as follows:

In(q.-q¢)=Inq.-k t 1)
t 1 t
P o
d. kK, 4. G
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In the equations, q.(mg-g™) represents the adsorption capacity of MO, q.(mg-g™) represents the
equilibrium adsorption capacity of MO, t(min) is the adsorption time, k,(min®) and k,(min™) are the rate
constants for pseudo-first-order and pseudo-second-order adsorption, respectively. As shown in Figure 6 and
Table 3, the pseudo-second-order kinetic model (R2=0.9981) provides a better fit to the experimental data
compared to the pseudo-first-order kinetic model (R2=0.9037). Additionally, the adsorption data obtained from
the pseudo-second-order model (33.557 mg/g, 66.667 mg/g, 97.087 mg/g, 113.636 mg/g, 129.870 mg/g) roughly
match the experimental data, indicating that the adsorption of MO onto MIL-53(Fe, Al, Cr) is primarily
governed by chemical adsorption®®”!, Moreover, there exists electron transfer, exchange, and sharing between
MO and the material®® I,
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i v 40mg/L
50mg/L 1.5 1
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Fig 6: Pseudo-first-order and Pseudo-second-order Kinetic Models of MIL-53(Fe, Al, Cr)

Table 3: Pseudo-first-order and Pseudo-second-order Kinetic Parameters

Pseudo-first-order Kinetic Pseudo-second-order Kinetic
Parameters Parameters
g k q K,
e 1 R e R
2 (g~mg1 2
mg/L) ( _— ( ( -min?)
mg/g) min™) mg/g)
0 0 - 33
0 104 0000 557 0.0298 1
2 0 0 66 0
0 431 0699 6164 667 0.0150 9999
4 0 0 97 0
0 3.310 .0869 .9037 .087 LU .9981
6 0 0 11 0
0 3.244 .0831 .8122 3.636 0.0088 .9979
7 0 0 12 0
0 5.499 0914 8818 9.870 0.0077" og77
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2.3.2 Exploration of Leachate Quantity

The quantity of leachate affects the concentration of Fe, Al, and Cr metal elements, thereby causing
changes in the elemental composition of the adsorbent. Under the conditions of a temperature of 25°C, methyl
orange concentration of 30 mg/L, pH of 3, and MIL-53(Fe, Al, Cr) dosage of 0.3 g/L, the effect of varying
leachate quantities on the adsorption of methyl orange by MIL-53(Fe, Al, Cr) material was investigated. As
observed in the graph, with the increase in leachate volume (7.5 mL, 11.0 mL, 15.0 mL, 19.5 mL), the removal
capacity of methyl orange reached 79.16 mg/g, 97.03 mg/g, 92.88 mg/g, and 82.14 mg/g, respectively, at 60
minutes. Hence, 11.0 mL was determined to be the optimal leachate quantity.
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Fig 7: Influence of different leachate quantities on material adsorption performance
2.3.3 Exploration of MIL-53(Fe, Al, Cr) Concentration Influence

The dosage of the adsorbent also plays a crucial role in the adsorption of wastewater. Too low of a dosage
can result in insufficient adsorption sites, affecting the experimental effectiveness, while excessive dosage may
lead to saturation and increased treatment costs. Under the optimal experimental conditions, the effect of
varying MIL-53(Fe, Al, Cr) dosages on the adsorption of methyl orange was studied. As depicted in Figure 8(a),
with the increase in adsorbent concentration, the removal capacity of methyl orange was found to be 142.04
mg/g, 120.10 mg/g, 97.03 mg/g, and 74.97 mg/g, respectively. Additionally, the removal rates of MO at 80
minutes were 47.27%, 81.66%, 98.18%, and 100%, respectively (Figure 8(b)). Considering both cost and
efficiency factors, the relatively appropriate dosage of 0.3 g/L was selected as the optimal usage amount for
MIL-53(Fe, Al Cr).
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Fig 8: (a) Influence of different concentrations of MIL-53(Fe, Al, Cr) on material adsorption,
(b)Methyl orange removal efficiency

WWW.ijres.org 350 | Page



Treatment of methyl orange with MIL-53(Fe, Al, Cr) prepared from chromite ore processing residue

2.3.4 Exploration of the impact of initial pH value

pH value is one of the primary factors affecting the adsorption efficiency of the adsorbent. It controls the
adsorption capacity of the adsorbent surface by influencing the surface charge of the adsorbent and the ionic
form of MO in the solution “%. Before the adsorption experiment, the initial pH value of MO was determined to
be between 5.80 and 5.98. The removal effect of MIL-53(Fe, Al, Cr) on MO was examined within the pH range
of 3.0 to 9.0. As depicted in Figure 9(a), within 80 minutes, MIL-53(Fe, Al, Cr) exhibited significant removal
activity towards MO. At pH values of 3.0 and 4.0, MO was completely removed within 20 minutes and 40
minutes, respectively. As the pH increased, the adsorption rate of MO gradually decreased. This is consistent
with previous studies indicating that MOF materials exhibit better adsorption capacity under acidic
conditionstY.
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Fig 9: (a)Influence of initial pH value and (b)temperature on adsorption performance of the
material and its kinetic analysis

2.3.5 Exploration of the impact of temperature

With temperature variation, molecular thermal motion is typically affected, making it easier or more
difficult for molecules to enter the pores of the MOF material. On one hand, different temperatures may lead to
different adsorption capacities of MOF materials. Often, at lower temperatures, molecules can bind more tightly
to the MOF surface, while excessively high temperatures can cause structural collapse of the MOF material,
affecting adsorption efficiency. Under the optimal experimental conditions of 11 mL of leachate, 0.3 g/L of
MIL-53, pH 3.0, and MO concentration of 30 mg/L, the effect of temperature change on the adsorption of
methyl orange by MIL-53(Fe, Al, Cr) material was investigated. As shown in Figure 9(b), increasing the
temperature slows down the adsorption rate of the material. Therefore, a room temperature of 20-30°C is chosen
as the optimal temperature.

2.3.6 Adsorption isotherm analysis

The experimental adsorption of MO onto MIL-53(Fe, Al, Cr) was fitted using the Langmuir and Freundlich
adsorption isotherm models, with the following equations:

o=t ©)

Qe Qm QmKL

InQ, = InKy + %lnCe (4)

Where, K, K are Langmuir and Freundlich adsorption constants (L/mg) respectively; C, is the
equilibrium concentration of MO (mg/L); Q. is the equilibrium adsorption capacity of MO (mg/g); Q..
represents the maximum adsorption capacity of MO (mg/g); n represents a constant related to adsorption
intensity.
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Fig 10: Adsorption Isotherm of Methyl Orange: (a) Langmuir Model, (b) Freundlich Model

Temper Langmuir Freundlich
ature
Q K | \ 1 |
m(mg/g)  L(L/mg) 2 F /n 2
298K 1 5. ( { [ (
25.31 392 .9958 9.37 159 .9309

Table 4: Adsorption Isotherm Model Parameters for Methyl Orange

From Figure 10 and Table 4, the Langmuir adsorption equation is y=0.0080x+ 0.0015(R?=0.9958), and the
Freundlich adsorption equation is y=0.1595x+4.4928 (R?=0.9309). In the Freundlich fitting, 0< 1/n < 1,
indicating easy adsorption. However, the correlation coefficient of the Langmuir model is greater than that of
the Freundlich model, indicating that the adsorption of MO by MIL-53(Fe, Al, Cr) is more in line with the
Langmuir model, which is monolayer adsorption. The fitting result shows that the maximum adsorption capacity
of MIL-53(Fe, Al, Cr) for MO is 125.31 mg/g, consistent with the experimental results.

IV conclusions
The present study focused on the synthesis of MIL-53(Fe, Al, Cr) adsorbent material using the
hydrothermal synthesis method with hydrochloric acid leachate as the raw material, followed by
characterization analysis. Various influencing factors on the performance of MIL-53(Fe, Al, Cr) material were
investigated, leading to the following conclusions:

(1) Under the conditions of 11 mL leachate volume, MIL-53(Fe, Al, Cr) dosage of 0.3 g/L, initial pH value
of 3.0, and temperature of 25 °C, the removal rates of MO ranging from 10 to 50 mg/L were 100%, 100%,
98.18%, 83.14%, and 75.04% respectively, within 80 minutes. The maximum adsorption capacity of methyl
orange reached 127.73 mg/g.

(2) Kinetic analysis and adsorption isotherm analysis were performed on the adsorption process of
MIL-53(Fe, Al, Cr). The pseudo-second-order kinetic model (R?*=0.9981) provided a better fit to the
experimental data of MO removal, indicating that the adsorption process of MO is mainly dominated by
chemical adsorption. Additionally, the experimental data of MO removal better fit the Langmuir model
(R?=0.9958), indicating monolayer adsorption behavior.
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