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a b s t r a c t

Zero-valent iron (ZVI) was prepared by the hydrogen reduction of hematite and characterized by 
using techniques, such as XRD, XPS, and SEM. Using carmine as a representative dye, the factors, 
including pH, solid-liquid ratio, reaction time, and temperature, affecting the purification of dye 
wastewater by the ZVI were investigated. The removal mechanism was discussed based on the 
experimental data and characterization results. The results showed that under the conditions of pH 
2.0 and a solid-liquid ratio of 1 g/L, the decolorizing efficiency by the ZVI reached 99% at a reaction 
time of 1 h due to the reduction mechanism of ZVI. Another index for the degradation of carmine is 
TOC, and its maximum removal efficiency is 57% at 24 h mainly due to complexation of Fe2+, adsorp-
tion of ZVI and precipitation by the corrosion products of iron. The removal of carmine chromaticity 
by ZVI exhibited first-order reaction kinetics. Meanwhile, the adsorption of isotherms and the kinet-
ics of TOC on ZVI were fit well by the Freundlich and pseudo-second order kinetics, respectively. 
The results suggested the way for preparing ZVI is feasible and the prepared ZVI is proved to be a 
promising material for dealing with dyeing wastewater, which benefits the comprehensive applica-
tion of natural mineral in environmental protection.
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1. Introduction

Organic synthetic dyes are widely used in the textile 
printing and dyeing industry [1,2]. It has been reported 
that more than 100,000 different commercial dyes are pro-
duced per year throughout the world, with a rough esti-
mate of 1×105–1×106 tons produced in total [3]. In China, as 
it will take a long time for the dye and printing industry to 
fully achieve the clean production, the control of pollution 
requires the clean-up of printing and dyeing wastewater. 
Dye wastewater is one of the most difficult industrial waste-
waters to treat because of its high concentration, deep chro-
maticity, a large amount of refractory organic pollutants, 
complex composition and large change in water quality. 
Organic synthetic dyes are the main pollutants in printing 
and dyeing wastewater. Organic synthetic dyes have sev-

eral characteristics which pose significant threats to human 
life and health, including high chromaticity, long residence 
time, and a lack of biodegradability.

Azo dyes are the most common type of synthetic dyes 
[4,5] and represent the largest class of dyes used in the textile 
industry, constituting 60–70% of all dyestuff production [6]. 
Carmine is a typical azo dye and is one of the most widely 
used azo synthetic pigments in China. Carmine and Sudan 
I, which are banned under EU standards, belong to the azo 
family of pigments, and azo compounds have been reported 
to be metabolized in vivo to form precursors of mutagenic 
aromatic amine compounds. The color of the dye depends 
on its molecular structure, according to the Wiff hair color 
group theory, and the unsaturated conjugated chain (e.g., 
–C=C, –N=N–, etc.) of the dye molecules is connected to 
the opposite group of the electrical properties. After absorb-
ing the energy from light of a certain wavelength, the mol-
ecules of the compound polarize and produce a dipole 
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moment, causing to the transition of valence electrons at 
different energy levels, to form different colors. Traditional 
methods for dye removal include biological treatment [7], 
adsorption [8], coagulation [9], physical treatment [10], flo-
tation [11], electrochemical methods [12,13], nanofiltration 
[14], biosorption [15], membrane separations [16], and the 
advanced oxidation methods [17]. At present, the main 
treatment methods for dye wastewater are the biological 
methods, physical methods and advanced oxidation meth-
ods. Biological methods support environmental protection 
and sustainable development, but the degradation of dye 
wastewater is slow due to the long microbial culture cycle, 
the degradation efficiency is low, which is only applicable 
in a limited set of environments. The physical method is 
simple and easy to operate, but it has a high consumption 
and limited application. The advanced oxidation method 
is a good method for degradation of dye wastewater, but 
the energy consumption and dosage consumption are high. 
In recent years, ZVI has attracted the attention of research-
ers, because it has good redox and adsorption properties 
are widely used in various fields. At present, ZVI is mainly 
used in water treatment, and is considered as one of the 
most effective materials in the field of water treatment.

Jiasheng Cao et al. [18] used ZVI to degrade azo dyes 
for the first time, and proposed that ZVI can be applied to 
in situ restoration of organic dyes in water bodies. Due to 
the cost-efficiency and easy availability of ZVI and the fact 
that it causes almost no harm to the human body [19], ZVI 
has been used for the degradation of organic dyes in recent 
years [20–23]. Hematite is a natural iron ore with reserves of 
more than 10 billion t in China. Many reports have indicated 
that modified hematite could effectively degrade heavy 
metals [24], organics [25], and ZVI has widespread appli-
cation in various fields [26,27]. Our experiments on hema-
tite have shown that hematite can yield ZVI after treating 
with hydrogen reduction at the appropriate temperature. 
The objective of this paper is to widen the applications of 
hematite; to investigate the effects of water chemistry such 
as pH, solid-liquid ratio and temperature on the removal of 
carmine red dye; and to reveal the mechanism of azo dye 
removal.

2. Experimental

2.1. Materials

Natural hematite (Fe2O3 69.58 wt%) was collected 
from Enshi city, Hubei Province, China. The samples were 
crushed and sieved to the target particle size (<75 µm) and 
then calcined for 1 h at different temperatures (i.e., 300, 400, 
500, and 600°C) under hydrogen conditions. After cooling to 
ambient temperature, the obtained samples were stored in 
a drier for further characterization and batch experiments. 

Carmine with the molecular formula C20H11N2 Na3O10S3 
(the purity is 99.5%), shown in Fig. 1, was purchased 
from Tianjin Guangfu Fine Chemical Research Institute of 
China.

2.2. Characterization

FESEM/EDS (field emission scanning electron micro-
scope) measurements were performed on a JEOL JSM-7100F 

instrument with an energy dispersive X-ray detector. All 
samples were coated in gold by spraying before analysis.

The XRD patterns of the solid powers were recorded by 
an X-ray diffractometer (Dangdonghaoyuan 2700 diffrac-
tometer) with Cu-Kα radiation. The tube voltage was 40 kV 
and the current was 40 mA. All XRD patterns were recorded 
in the range of 5°–70° with a scan speed of 4°/min–1 and a 
divergent slit size of 0.5°. Phase discrimination was carried 
out by comparison with phase data in the Inorganic Crystal 
Structure Database (ICSD).

XPS analysis is performed using a Thermo Scientific 
K-Alpha instrument equipped with an Al-Kα source (10 
mA, 14 kV).

IC (ICS-900), with anionic and cationic columns, 
equipped with dual plunger isocratic pumps, compati-
ble with electrolytic or chemical continuous regeneration 
microfilm suppressors, Dionex, USA.

HPLC-MS (ACQUITY LCT Premier XE) with sensitivity 
of SNR (signal-to-noise ratio) > 100:1, the internal standard 
method of mass accuracy is less than 2 ppm, and the exter-
nal standard method is less than 5 ppm. The intermediate 
product was analyzed by liquid chromatography-mass 
spectrometry and the structure of the intermediate product 
was analyzed.

2.3. Batch experiments

2.3.1. Effect of pH

In a 50 mL centrifuge tube, 50 mg/L carmine solutions 
were put into 0.01 mol/L NaCl background electrolyte (40 
mL). After adjusting the pH of the solution to 1, 2, 3, 4, or 
5, 0.04 g of reduced hematite was added. The pH of the 
solution was adjusted with 0.1 mol/L HCl and NaOH solu-
tions. After the designed reaction time, the absorbance of 
the supernatant at a wavelength of 508 nm was measured 
by an ultraviolet-visible spectrophotometer and the TOC 
concentration of the supernatant was tested by a German 
Jena Multi type N/C2100 TOC analyzer. 

2.3.2. The effect of the solid-liquid ratio

The effect of ZVI dosage was studied under the condi-
tions of 298 K and pH 2 by adding 0.02 g, 0.04 g, 0.08 g, 
0.2 g, 0.32 g, 0.4 g, or 0.8 g of reduced hematite solids to 
the carmine solution, which with an initial concentration of 
50 mg/L and a volume of 40 mL, that is, the solid-liquid 
ratio is 0.5 g/L, 1 g/L, 2 g/L, 5 g/L, 8 g/L, 10 g/Land 20 

Fig. 1. Molecular structure of carmine in the neutral form.
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g/L.Then the absorbance and TOC of the supernatant were 
measured by centrifugation after 24 h of reaction.

2.3.3. The effect of time

The effect of reaction time on the degradation of car-
mine by ZVI was studied. Under the conditions of 298 K 
and pH 2 by adding 0.04 g of reduced hematite solids to 
the 40 mL of a 50 mg/L carmine solution. Sampling at the 
following points: 10 min, 30 min, 60 min, 120 min, 240 min, 
480 min, 1440 min, and then the samples were processed to 
test absorbance A and TOC.

2.3.4. Isotherms

Adsorption isotherms were performed at pH 2 and 
temperatures 298 K, 306 K, or 314 K. In these experiments, 
a constant mass of reduced hematite (0.04 g) was mixed 
with 40 mL solution containing carmine concentrations in 
the range of 5–50 mg/L. Suspensions were shaken until 
adsorption equilibrium was reached. Then the samples 
were centrifuged. The residual concentration in the solution 
was analyzed, and the experimental data were fitted with 
Langmuir and Freundlich models.

2.3.5. Kinetics

Reduced hematite (0.04 g) was added to in a 50 mg/L 
carmine solution (40 mL) at pH 2 and mixed by rotation. 
Samples were collected and centrifuged at 10 min, 20 min, 
30 min, 40 min, 60 min, 90 min, 120 min, 240 min, 480 min 
and 1440 min. Then the concentration of carmine was 
detected by spectrophotometry, and the TOC concentration 
determined by a TOC tester. The kinetics data were fitted 
using a pseudo-first order kinetic model and a pseudo-sec-
ond order kinetic model.

In the paper, ZVI has two indicators for the degrada-
tion of carmine, one of which is chromaticity and the other 
is TOC. Correspondingly, reaction kinetics and adsorption 
kinetics were used to study the experimental data.

2.4 Analytical methods

Decolorizing activity was expressed in terms of decol-
orizing efficiency (%) based on measurements taken at 
the maximum absorption wavelength of carmine, λ = 508 
nm. Total organic carbon was expressed in terms of TOC 
removal efficiency (%). The efficiencies were calculated as 
follows:

Decolorizing efficiency (%) =
−1 A
A0

 (1) 

TOC removal efficiency (%) =
−1 TOC
TOC0

 (2)

where A is the ultimate residual absorbance, A0 is the ini-
tial absorbance, TOC0 is the initial total organic carbon, and 
TOC is residual total organic carbon, calculated by TOC dif-
ference subtraction to the difference between total carbon 
and inorganic carbon.

3. Results and discussion

3.1. Characterization of ZVI

The solid product of ZVI and the product after reaction 
with carmine were further characterized by centrifugation, 
freeze drying, and vacuum packaging. Fig. 2A and B show 
the SEM images of ZVI particles before and after use. Fig. 
2A shows porous structures of the prepared ZVI derived 
from the reduction of hematite at high temperature, which 
facilitates the adsorption of the organic carbon in dye mol-
ecules. Fig. 2B shows the morphology of ZVI after the reac-
tion, revealing that the morphology is mainly sheet-like with 
an interlayer structure of green rust. According to the EDS 
display of Fig. 2B, Fe, O, N and Na are the main elements 
in the solid after the reaction, which indicates that carmine 
molecules enter the green embroidery layer and precipitate 
in the layer. Fig. 2C shows XRD patterns of hematite, hema-
tite after calcination at different temperatures for 1 h and the 
reacted ZVI. The reflections of hematite and quartz are found 
in the raw ore. At calcination temperatures below 300°C, the 
hematite basically maintains its original structure. When the 
calcination temperature reaches 400°C, almost all of hema-
tite transforms into magnetite. With a further increase in the 
calcination temperature to 500°C, the reflections of magne-
tite clearly decrease and a new substance identified as ZVI 
can be observed. When the calcination temperature reaches 
600°C, the reflections of ZVI become stronger, while mag-
netite almost disappears. The Scherrer formula was used 
to determine the particle size of reduced hematite at 600°C 
to be 33.73 nm. As seen in Fig. 2C, with increasing tempera-
ture, the reflections of ZVI gradually become sharp. From the 
point of view of energy, 600°C was selected as the optimal 
calcination temperature for ZVI for degradation of carmine 
dye wastewater. X-ray photoelectron spectroscopy (XPS) is 
well-known as an effective tool for analyzing the interactions 
between adsorbates and adsorbents [28]. XPS-based spectral 
lines can be used for qualitative elemental analysis, and all 
elements except H and He can be identified according to the 
positions of the characteristic spectral lines appearing in the 
energy spectrum. Fig. 2D shows the analysis of elemental 
valence of the ZVI before and after reaction. According to 
XPS spectra, the characteristic binding energies of Fe0, Fe2+ 
and Fe3+ were observed to be 706.7 eV, 710.6 eV and 711.38 
eV [29], respectively, in the sample before reaction. However, 
after the reaction, ZVI and divalent iron were gradually oxi-
dized to trivalent iron, and iron hydroxide was formed [30].

3.2 Effect of pH

The pH value of the solution is an important parame-
ter affecting the reaction efficiency of ZVI degradation of 
organic dye [31]. Therefore, controlling the pH value of the 
dye wastewater is of great significance for degradation of 
the dye in wastewater, as the pH value of real dye wastewa-
ters fluctuates significantly. Research results have shown a 
high degree of correlation between the reaction rate of ZVI 
degradation of organic dyes and the pH value of the solu-
tion [32], with previous studies showing that the dye waste-
water degrades better under acidic conditions. As shown 
in Fig. 3, the effect of solution pH on the chroma and TOC 
degradation by the ZVI was displayed and the variation of 
solution was also exhibited.
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A: The treatment effect of pH value on chromaticity and 
TOC; B: Variation of initial pH during reaction. a: 20 mg/L 
chromaticity removal efficiency; b: 50 mg/L chromaticity 
removal efficiency; c: 20 mg/L TOC removal efficiency; d: 
50 mg/L TOC removal efficiency

In Fig. 3A, the decolorizing efficiency of ZVI on the car-
mine dye wastewater is greater than 99% when the pH value is 
less than 2. In detail, the decolorizing rates of the carmine solu-
tions at concentrations of 20 mg/L and 50 mg/L,when the pH 
value was 1, the decolorizing effects were 99.39% and 99.58%, 
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respectively, while the decolorizing effects of the carmine solu-
tion with pH 2 were 99.59% and 99.75%, respectively. How-
ever, the decolorizing effect becomes significantly worse when 
the pH value is greater than 2. Under strong acidic conditions, 
the ZVI and carmine dye molecules are more likely to undergo 
an oxidation-reduction reaction, destroying the color-assisting 
group of the dye, promoting azo bond breakage, and forming 
amine-based organic substances. Amine-based organic mat-
ter is easily decomposed, which dilutes the chromaticity in 
the wastewater. It is easy to form precipitate (Ksp[Fe(OH)3] = 
3.0×10–38) deposits on the surface of ZVI that hinder the prog-
ress of the reaction under weak acidic conditions and then 
reduce the activity of ZVI [33].

As shown in Fig. 3A, the TOC removal is best when the 
pH is 2. When the pH value is 1, the lower TOC removal effi-
ciency may be due to the excessive acidity passivating the 
surface of the iron and forming a protective film, thereby pre-
venting the reaction from proceeding and resulting in a lower 
removal effect. However, when pH value increased to 3–5, the 
TOC removal effect decreased gradually because the weaker 
acidity decreased the rate of reaction between iron and car-
mine dye. Overall, pH 2 is the optimal pH to ensure both high 
decolorizing effect and good TOC removal efficiency.

Fig. 3B shows variations in pH over residence time for 
different initial pH conditions. At pH 1, the pH of the solu-
tion at 24 h was almost unchanged. The acidity of the solu-
tion is so strong that the extra H+ does not participate in the 
reaction, and the pH value of the solution does not change 
significantly. For initial pH values of 2–5, the pH value of 
the solution suddenly increases to reach the equilibrium 
value and then decreases slightly. This result occurs because 
the consumption of large amounts of H+ in the initial reac-
tion stage makes the solution pH value rise abruptly. This 
increase in pH can be attributed to the corrosion of ZVI, 
increasing the hydroxyl ion concentration and producing 
iron hydroxide precipitation [34]. Then, the reaction grad-
ually reaches stability as the time increases. A large amount 
of H+ is no longer needed, and the pH value of the solution 
exhibits little additional change.

3.3. The effect of the solid-liquid ratio 

Fig. 4 shows the effect of the solid-liquid ratio on 
the degradation of carmine. The decolorizing efficiency 
increases rapidly when the solid-liquid ratio is less than 1 
g/L. While the solid-liquid ratio exceeds 1 g/L, the chro-
maticity removal efficiency was basically stable at 99%. 
Meanwhile, the TOC removal efficiency rapidly increased 
at a solid-liquid ratio of 0.5–1 g/L, slowly increased at a 
solid-liquid ratio of 1–8 g/L, and the removal efficiency 
gradually stabilized at 57% when the solid-liquid ratio was 
greater than 8 g/L. Previous studies have shown that exces-
sive ZVI can inhibit the degradation of dyestuffs, and that 
excess ZVI will cause the iron ion to reunite or accumulate, 
thus reducing the specific surface area [7]. 

3.4. The effect of time

To further investigate the dynamic process of degra-
dation of carmine by ZVI, the reaction kinetic equation is 
used to analyze the data. The kinetic parameters are shown 
in Fig. 5. Fig. 5A shows the chromaticity removal capacity 

over time. The decolorizing efficiency gradually increased 
within 60 min, reaching more than 99%, indicating that at 
the initial stage of the reaction, ZVI gradually degraded the 
carmine dye molecules to destroy the azo double bonds in 
the dye molecules, and reached the best removal effect value 
in 60 min. The decolorizing efficiency, however, begins to 
decrease after 60 min because the Fe2+ and Fe3+ generated 
by the reaction participate in the reaction, and Fe(OH)2 
and Fe(OH)3 precipitates are inefficient, resulting in the 
solution becomes turbid and the decolorizing efficiency is 
reduced. After 60 min, the supernatant was centrifuged and 
0.1 mol/L NaOH was added to the supernatant to adjust 
the pH of the system to approximately 10 to make the Fe2+ 
in the system sufficiently reactive, generating Fe(OH)3 pre-
cipitation. This solution was then allowed to stand for 240 
min and the supernatant was tested, displaying that the 
color removal effect reached more than 99%. The results 
showed that the chromaticity was affected by the formation 
of Fe3+. Fig. 5B shows the removal of TOC from carmine 
solution by ZVI. As the reaction proceeds, the TOC removal 
efficiency gradually increases. In the first 120 min, TOC 
removal efficiency increased gradually, and after 120 min 
the TOC removal efficiency remained between 55%–70%. 
This is because the reduction of carmine dye molecules by 
ZVI causes carmine dye molecules to breakdown into small 
molecular substances by breaking azo bonds, but it is diffi-
cult to degrade these small molecular substances furtherly.

3.5. Adsorption isotherms

It is known that a chemical reaction is generally sen-
sitive to the changes in temperature [35]. Fig. 6 shows the 
effect of temperature on chromaticity. The decolorizing 
efficiency increases with the increase of temperature, and 
can reach more than 99% after 1440 min, showing that the 
complete degradation of carmine dye wastewater by the 
ZVI can be realized under room temperature. The increase 
in temperature increases the activity of ZVI, accelerates 
the reaction rate, and hence increases the decolorizing 
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efficiency.  Therefore, the decolorizing efficiency at 314K is 
greater than that of 298K. Moreover, the degradation effi-
ciency experiences a slight decrease with increasing initial 
concentration of dye, which should be affected by the lim-
ited ZVI amount.

The same mass of reduced hematite was added to car-
mine solutions with different initial concentrations (5–50 
mg/L) at pH 2 and temperatures of 298 K, 306 K, and 314 
K, and the data were fitted according to the test results. As 
shown in Fig. 7, the TOC adsorption isotherm of carmine 
dye wastewater on ZVI was obtained, and the experimental 
data were fitted linearly with Freundlich and Langmuir iso-
therms, with the results shown in Table 1.

The linear forms of the Langmuir and Freundlich mod-
els were given in Eq. (3) [36] and Eq. (4) [37], respectively:

Q
Q K C

( K C )e
m L e

L e

=
+1

  (3)

Q K Ce F e
n= 1/   (4)

where Ce (mg·L−1) is the residual dye concentration, Qe 
(mg·g−1) is the residual dye concentration, Qm (mg·g−1) is 
the maximum adsorption capacity of adsorbent at complete 
monolayer coverage, KL (L·mg−1) is a Langmuir constant, 
1/n is the heterogeneity of the adsorption sites, and KF rep-
resents the equilibrium coefficient describing the partition-
ing of the absorbent between the solid and liquid phases 
over the concentration range studied. As observed in Fig. 
7A and B, the adsorption of TOC on ZVI was fitted very 
well by the Freundlich model. 

Table 1 shows the fitting parameters of the Langmuir 
and Freundlich equations for the experimental results. 
Base on the fitting coefficient R2, the Freundlich equation 
describes the TOC adsorption process of carmine solu-
tion on ZVI more accurately, and shows that this adsorp-
tion process is more prone to multi-layer heterogeneous 
adsorption. The constant KF increases significantly from 
1.886 to 1.963 mg·g–1 as the temperature rises from 298 to 
314 K relates to the adsorption capacity. This illustrates that 
the adsorption of carmine by ZVI is an endothermic [38]. 
The Langmuir model is widely used in many fields, and 
is suitable for single-layer adsorption and limited surface 
adsorption sites. In the Freundlich model, it is generally 
accepted that adsorption is relatively easy when 1/n is 
between 0.1 and 1.0, whereas adsorption is difficult when 
1/n is greater than 2, and 1/n is less than 1 in this experi-
ment [39].

3.6. Reaction kinetics

The redox reaction mechanism of the ZVI degradation 
of carmine color was further explored by analyzing the 
reaction kinetics. The experimental data were fitted with 
zero-order, first-order and second-order reaction kinetics, 
and the results were as follows:

Equation of zero-order reaction:

C C k te = −0 0  (5)
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where C0 is the initial dye concentration (mg·L−1), Ce is 
the residual dye concentration (mg·L−1), k0 represents the 
observed pseudo zero-order rate constant (mg·L–1·min–1) 
and t is the residence time (min). The rate of that zero-order 
reaction is independent of the concentration of the reactants 
and is influenced by other factors such as the solubility of 
the reactants or the degree of illumination for some photo-
chemical reactions.

First-order kinetic reaction equation [40]:

ln
C
C

k te

0

= − 1  (6)

where k1 (min–1) is the observed first-order rate constant and 
C0 is the initial dye concentration (mg·L−1). Therefore, k1 can 
be calculated from the regression of ln (Ce/C0) versus resi-
dence t.

Second-order kinetic reaction equation [36]:

−
=

d
d

C
t

k Ce
e2

2  (7)

where k2 is the second-order reaction rate constant (L. mg–1 

min–1), and the reaction rate is proportional to the square 
of the reaction concentration. The curve of the linear rela-
tionship can be drawn from the slope of ln (1/Ce–1/C0) and 
t(min). The amended second-order model equation can be 
expressed:

ln
1 1

0
2C C

k t
e

−






=  (8)

The fitted parameters of reaction kinetic models are 
listed in Table 2. The correlation coefficients R2 is ranging 
from 0.8553 to 0.8562 for the zero-order model, from 0.9572 
to 0.9960 for the first-order model and from 0.9586 to 0.9946 
for second-order model. This indicates that the chromaticity 
of ZVI-degraded carmine dyes conforms to the first-order 
and second-order kinetic models. Previous studies have 
shown that the degradation of dyes by ZVI belongs to the 
reduction process and can be well described by the pseu-
do-first-order kinetic model. However, the kinetics could 
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Fig. 7. A: Langmuir fitting curve; B: Freundlich fitting curve.

Table 1
Langmuir and Freundlich model of TOC adsorption

Temperature (K) Langmuir Freundlich

Qm (mg·g–1) KL (L·mg1) R2 KF (mg·g–1) 1/n R2

298 28.93 0.041 0.950 1.963 0.619 0.998
306 31.38 0.040 0.986 1.918 0.653 0.992
314 33.46 0.039 0.975 1.886 0.679 0.980

Table 2
Reaction kinetics - related parameters

Zero-order reactions First-order reaction Second-order reaction

C0 (mg·L−1) R2 K0 (mg·L–1·min–1) R2 K1 (min–1) R2 K2 (L·mg–1·min–1)

20 0.8553 –0.0339 0.9572 –0.0659 0.9586 0.0693
50 0.8562 –0.1537 0.9960 –0.0662 0.9946 0.0683
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be fitted with not only the first-order model but also the 
second-order model in this work [41]. These results indicate 
that degradation involves adsorption and simultaneous 
redox processes.

3.7. Adsorption kinetics

Fig. 8 shows the adsorption process of TOC in carmine 
solution with ZVI concentrations of 20 mg/L and 50 mg/L 
at a temperature of 298 K. The solid-liquid ratio is 1 g/L 
and the pH value is 2. With increasing time, the adsorption 
capacity gradually increased. Different kinetic models cor-
respond to different reaction mechanisms, and two kinetic 
adsorption models are often used to analyze such data. To 
study the adsorption effect of ZVI on carmine solution, the 
experimental data were fitted with the pseudo-first-order 
Eq. (9) and the pseudo-second-order Eq. (10).

ln( ) ln
.

Q Q Q
k t

e t e− = − 1

2 303
 (9) 

t
Q k Q

t
Q

t
e

e

=
+

1

2
2
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where Qe (mg·g–1) and Qt (mg·g–1) are the adsorption equilib-
rium and adsorption capacity of ZVI to total organic carbon at 
time t, respectively. k1 (min–1) and k2 (g·mg–1·min –1) are the pseu-
do-first-order and pseudo-second-order kinetic rate constants.

As seen from Table 3, the correlation coefficient of the 
pseudo-second-order kinetic equation is better than that 

of pseudo-first-order adsorption. The pseudo-second-or-
der kinetic equation better describes the adsorption pro-
cess of carmine on ZVI, and the correlation coefficient is 
greater than 0.99. The results of pseudo-second-order kinet-
ics found in the study are consistent with the findings of 
some earlier works [42,43]. With increasing concentration 
of carmine, the equilibrium rate constant k2 also increases 
gradually, indicating that chemisorption is the main step in 
limiting the rate of reaction during most of the adsorption 
of ZVI, which due to covalent forces or electron exchange 
between the adsorbent and carmine [44]. The pseudo-sec-
ond-order kinetic model includes all adsorption processes, 
such as external liquid membrane diffusion, surface adsorp-
tion and particle internal diffusion.

3.8. Removal mechanism

HPLC-MS analyses were carried out to investigate inter-
mediate products formed during the degradation process at 
different reaction times. Fig. 9A shows the mass spectrum 
of dye samples collected at 0 min, with a major peak at 583 
m/z. Fig. 9B is a mass spectrum of degraded carmine after 
240 min, in which the peak at 583 m/z disappears replaced 
by two new peaks of 468 m/z and 478 m/z, and two peaks 
appear at 911 m/z and 1344 m/z representing a polymer 
made up of small molecule degradation products. Fig. 9C 
is a mass spectrum of carmine degradation after 480 min, 
indicating no change in the position of the peaks compared 
with 240 min, but with the relative intensities of the 468 m/z 
and 478 m/z peaks reversed. This figure shows that the 
mass-to-charge ratio of 468 m/z increases and the mass-to-

Table 3
Kinetic parameters of degradation of carmine dye wastewater by ZVI

Initial concentration 
(mg·L–1)

Pseudo-first-order Pseudo-second-order

Qe (mg·g–1) k1 (min–1) R2 Qe(mg·g–1) k2(g·mg–1·min–1) R2

20 4.559 0.005 0.809 9.383 0.0034 0.996
50 5.616 0.004 0.982 23.44 0.0043 0.999

0 100 200 300 400 500
0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

 20mg/L
 50mg/L

ln
(Q

e-
Q

t)

t/min

A

0 100 200 300 400 500

0

10

20

30

40

50

60

0 300 600 900 1200 1500

0

5

10

15

20

25

Q
e(

m
g/

g)

t(min)

 20mg/L
 50mg/L

t/
Q

e

t/min

B

Fig. 8. A: pseudo-first order dynamics; b: pseudo-second-order dynamics. 
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charge ratio of 478 m/z decreases as the reaction progresses 
from 240 min to 480 min. Meanwhile, as time goes on, the 
mass-to-charge ratio of 911 m/z and 1334 m/z also expe-
riences an obvious decrease, which is in consistence with 
the variation of 468 m/z and 478 m/z. Fig. 9D is a mass 
spectrum of carmine degradation after 1440 min, exhibiting 
little change in the reaction product compared with that at 
8 h. In detail, the peak value of mass-charge ratio 478 m/z 
is weaker than that of mass spectrometry with reaction time 
of 480 min, which indicates that the intermediate product is 
unstable. The polymer with a mass to charge ratio of 1334 
m/z disappeared. The results showed that the carmine 
molecules were degraded into small molecules during the 
reaction, which was consistent with the conclusion that ZVI 
degraded the chromaticity.

To design a set of test in the experiments, the reduced 
hematite in the pure water released Fe2+ was measured to 
be 172.9 mg/L. Then, FeSO4, with a mass concentration of 
172.9 mg/L of Fe2+, was used to degrade carmine for 1440 
min instead of reduced hematite, and the results showed 
that the degradation effect of chromaticity and TOC was 
about 10%. This indicates that Fe2+complexed with carmine, 
about 10% of the whole TOC removal.

In order to further explore the role of ZVI in experiment, 
three groups of experiments were designed. Table 4 shows 

Table 4
Sulfonate concentration and sulfate concentration by ion 
chromatography

Group Sample Sulfonate ion 
concentration 
(mg/L)

Sulfate ion 
concentration 
(mg/L)

1 Fe0, H2O, pH = 2 0 0

2 Carmine, pH = 2 0 0

3 Fe0, carmine pH = 2 0.0620 0.865

Fig. 9. Mass spectra of degraded carmine by zero-valent iron at different time. A. 0 min; B. 240 min; C. 480 min; D. 1440 min. 

three groups of samples that were pretreated to remove 
metal ions under different experimental conditions. Groups 
1 and 2 were blank controls. In group 1, only ZVI (0.04 g) was 
reacted with deionized water (40 mL) at pH 2 for 1440 min. In 
the second group, only carmine solution (50 mg/L) was used 
in the experiment at pH 2. In the third group, both ZVI (0.04 
g) and carmine solution (50 mg/L) was used in the experi-
ment. The concentrations of the sulfonate and sulfate ions in 
three groups of samples were measured by an ICS-900 type 
ion chromatograph. The concentrations of sulfonate ion and 
sulfate ions in blank samples of group 1 and 2 were both 0, 
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indicating that neither the ZVI nor the carmine solution con-
tained sulfonate or sulfate ions. SO3H

– and SO4
2– were present 

in the third group of samples, which should be ascribed the 
action of the ZVI the reaction process.

Fig. 10 depicts a possible process of the degradation 
of carmine molecule by ZVI. Fig. 10a shows the molecular 
structure of carmine, with a mass-to-charge ratio of 604 m/z; 
b shows anionic carmine with one sodium ion removed, 
and a mass-to-charge ratio of 582.9 m/z; c shows the mole-
cule with the whole sodium sulfonate group removed, and 
a mass-to-charge ratio of 468 m/z; d shows the anionic car-
mine with two sodium ions removed and an iron ion from 
oxidized ZVI exchanged for a sodium ion, with a mass-to-
charge ratio of 478 m/z; c and d are both ZVI degradation 
carmine products.

Combined IC and HPLC-MS results show that the prod-
uct was basically stable as two substances after 240 min, 
with mass-to-charge ratios of 468 m/z and 478 m/z. At 
a reaction time of 60 min, the color of the solution almost 
faded and the decolorizing efficiency reached 99%, indicat-
ing that the azo double bond was broken at 60 min. Mass 
spectrometry showed that the intermediate product of 
m/z = 478 appeared when ZVI degraded carmine for 240 
min may be obtained by the exchange of Fe0 oxidation into 

Fe2+ and two Na+ in the molecules of carmine. This is the 
complexation of Fe2+ with carmine causing the Na+ and sul-
fonate groups to fall off and Fe2+ to occupy this position. 
The substance with a mass-to-charge ratio of 468 m/z is 
the product of the carmine dye molecule after removing a 
sodium sulfonate group.

ZVI is a chemically active metal with strong reduc-
tion ability, and its standard reduction potential is –0.44 V 
[45]. Under strong acid conditions, Fe0 is easily oxidized to 
Fe2+, and Fe2+ is also reducible. The reduction reaction path 
mainly comprises the following steps: 1. The reactant dif-
fuses from the solution body to the ZVI surface; 2. The ZVI 
adsorbs that reactant on its surface; 3. Reduction reaction 
of ZVI and the reactant on the iron surface; 4. Breakage of 
the azo double bond and conversion into small molecular 
organic substances [46].

The precipitation of Fe2+ and Fe3+ can also degrade car-
mine dye molecules, but the reduction, degradation, precipi-
tation and flocculation of the carmine molecule were mainly 
driven by the ZVI. The chromophoric groups of dyes, such 
as vinyl –C=C–, azo –N=N–, hydroxyl =C=O, nitroso –N= O, 
etc., are strong ligands capable of complexing with ferrous 
ions in the transition element. The equation for decomposi-
tion of the azo dye molecule by cleavage is as follows:

(a)Carmine,604g.mol-1

b)m/z=582.9417

(c) m/z=468.1560(d) m/z=478.1654

Fe2+

Fig. 9. Mass spectra of degraded carmine by zero-valent iron at different time. A. 0 min; B. 240 min; C. 480 min; D. 1440 min. 
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–N=N– + 2H+ + 2e– → –NH2 + NH2 –

Under aerobic conditions, O2 acts as an oxidizing agent 
to promote the corrosion of ZVI as in Eq. (11). Under oxy-
gen-free conditions, water alone acts as an oxidizing agent 
to promote iron corrosion, as in Eq. (12) [46].

Fe O H O Fe OH0
2 2

21
2

2+ + → ++ −  (11)

Fe H O Fe H OH0
2

2
22 2+ → + ++ −  (12)

The mechanism of purification of carmine by ZVI is as 
follows: 1. Reduction of ZVI. The strong reducibility of the 
ZVI produces new [H] and Fe2+ by the reaction of ZVI with 
water under acidic conditions, and ZVI can form a micro 
battery with a plurality of components in the dye waste 
water. The azo double bond of carmine is reduced to a sin-
gle bond, achieving approximately 99% decoloring; 2. Inter-
calation of dye anions between layered double hydroxide 
layers. Fe(OH)2 and Fe(OH)3 generated by the reaction of 
ZVI with water and oxygen are converted into green rust. 
This green rust layer has a higher structural negative charge, 
and the carmine anion enters into the structural interlayer 
to balance the structural negative charge; 3. Iron hydroxide 
adsorption of carmine; 4. The complexation and reduction 
of ferrous ions.

4. Conclusion

Zero-valent iron prepared by the hydrogen reduc-
tion method is of great significance for the degradation 
of organic dye wastewater. The results showed that ZVI 
exhibited an excellent degradation of color and TOC 
under the conditions of pH 2, solid-liquid ratio of 1 g/L, 
and room temperature (298K). The color removal effect 
reached 99% after 60 min reaction time, and the removal 
efficiency of TOC was approximately 57% at 1440 min. The 
removal of chromaticity by ZVI followed first-order reac-
tion kinetics, and absorption kinetics and isotherms fitted 
well with pseudo-second order kinetics and the Freundlich 
models, respectively. ZVI exhibits good chemical activity 
for the degradation of carmine and is a good candidate 
for the degradation of other organic pollutants. This work 
provides important information for the application of ZVI 
prepared by modification of hematite as an environmental 
protection material.
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