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Abstract 

Laboratory batch experiments were conducted in order to assess the performance of 

goethite in removing arsenate from water regarding the impacts of temperature. All batch 

experiments were conducted at four temperatures (30, 50, 70 and 90°C) at pH 4.6. 

Results showed that both the uptake rate and capacities were significantly enhanced with 

the temperature increasing from 30 to 90°C. The adsorption kinetics followed a 

Pseudo-second-order model with the coefficients of Determination (R2) all obove 0.999. 

The process followed the Langmuir model and several thermodynamic parameters were 

calculated. Arsenate adsorption was facilitated under simulative geothermal water 

condition than RO (Reverse Osmosis) water. The crystallite structure of geothite was not 

changed after adsorption at various temperatures. XPS results showed the decrease of the 

content of iron hydroxyl group, which demonstrated that arsenate adsorption onto 

goethite may be realized through the replacement of the iron hydroxyl group to form 

inner-sphere bidentate/mondentate complex at pH 4.6. 

Keywords: Goethite; Arsenic (As(III)/As(V)); Adsorption; Simulative geothermal water; 

1. Introduction 

Geothermal water as a kind of natural resource has been used for human people for a 

long time. The importance of geothermal water has increased over the last decade as 

demand for non-fossil fuel energy sources has expanded. 1 Like a doubel-edged sword, 

the significant environmental changes such as surface disturbances, thermal effects and 

emissions of contaminants are also brought by geothermal utilization. 2 The main 

potential pollutants in geothermal discharged waters are hydrogen sulphide, mercury, 
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arsenic and other trace metals. 3 

Arsenic in geothermal water is detected at an elevated concentration in many places 

of the world such as the Tibet yangbajain geothermal fields, the southeast coastal area of 

China mainland, Taiwan and so on. 4 Thompson and Demonge reported that Geothermal 

water in Yellowstone National Park contained high concentrations of As 1~7800 µg/L. 5 

The Rio Loa basin El Tatio geothermal field of Chile was reported to have very high 

arsenic concentration values up to 27.0 mg/L, Los Humeros geothermal field of Mexico 

was even reported to have the arsenic concentration as high as 73.6 mg/L. 6 Natural 

geothermal water (including thermal spring water) was increasingly reported to be high 

levels of arsenic, and this phenomenon was frequently found in Southeast of China and 

Taiwan area. Many of the arsenic-containing geothermal water are discharged directly 

into nature without treatment, so lots of environmental problems and potential problems 

are triggered. 

The distribution of As(III)/As(V) is influenced by pH and redox conditions, As(III) 

is more toxic than As(V), the World Health Organization have lowered the maximum 

contaminant level of total arsenic in drinking water to 10 µg/L. Mobility and 

transformation of As-tainted geothermal water have become significant concerns 

worldwide in environmental health. The final fate of arsenic in geothermal water rises to 

the earth’s surface and there is concern that it may contaminate the related groundwater 

systems, surface-water systems and soil systems. 7 

There are various kinds of iron oxides and oxyhydroxides existing in soils, 

sediments and aquatic environments such as geothite (α-FeOOH), lepidocrocite 

Page 3 of 30 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 4

(γ-FeOOH), hematite (α-Fe2O3) and so on. 8 A great variety of iron oxides and 

oxyhydroxides usually have a strong affinity for arsenic species. 9,10 In this study, goethite 

is selected as the presentative iron oxyhydroxide because it is widespread in soil system 

and is a primary component of soil. 11 Investigating the reactions between goethite and 

different arsenic species is important for providing insight into the rule of Mobility& 

transformation of arsenic in geothermal water. 

So far, many studies focus on arsenic adsorption onto geothite. 12, 13 However, a 

review of the literatures showed that little has been done to determine the impacts of 

temperature on the adsorption process. So we conduct a detailed study in a batch system 

in order to gain an understanding of the effects of temperature on arsenate adsorption 

onto goethite and the adsorption performance under simulative geothermal water 

condition. 

This paper focused on the temperature effect on arsenate adsorption onto goethite, 

because the temperature is the first consideration of geothermal water. Prevous papers 

usually investigated the temperature effect between 20 and 60°C, 14-16 we further 

considered the comparatively higher temperature 70 and 90°C, because we have detected 

the temperature of thermal spring water near Xiamen city (Fujian province, China) was 

88°C. The pH was adjusted to 4.6 with reference from Taiwan Datun volcanic region hot 

springs reported by Chen Bochun et al. 17 that the pH was appeared to be acidic around 

4.6, some hot springs in Taiwan are even as low as 1~2. Usually the pH values of the 

acidic geothermal discharged water fall in between 4~5. 

2. Materials and methods 
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2.1 Materials 

The granular goethite (α-FeOOH) in this study is synthesized in the laboratory. 

Solution of 1 M Fe(NO3)3 is adjustied to pH 11.0 and sturred in a water bath at 70±1°C 

for 24 h, the suspension is purged with N2 to remove CO2, then adjust the temperature to 

90°C for heating 72 h followed by repeated rinsing of the solids with deionized water, the 

solution with very high concentration of solids is ultrasonicly dispersed for 30 min with 

adding small amount of absolute ethyl alcohol, finally we get the granular goethite 

through freeze drying technique prcess. The product is stored at 4°C for subsequent use.  

The As(V) stock solutions are prepared by Na2HAsO4·7H2O (AR). All the chemicals 

used in the experiments are AR grade. 

2.2 Batch sorption 

The adsorption experiments are performed with a background electrolyte of 0.01 M 

NaNO3, suspensions of geothite are made by adding 0.05 g goethite solids to 100 mL of 

0.01 M NaNO3 and are continuously mixed on a magnetic stirring apparatus at 

temperature 30°C for 2 h to make the surface of goethite reach equilibrium, the pH of the 

arsenic stock solutions and goethite solutions are adjusted to 4.6±0.2 using dilute HNO3 

and NaOH solutions. 

Adsorption isotherms process is conducted in a shaking water bath with a 

temperature controller. Batch tests are performed in 200 mL bottles containing 0.5 g/L 

goethite and are equilibrated with 1, 2, 5, 10, 15, 20, 30, 40, 50 mg/L As(V) shaking at 

150 rpm for 24 h at 30, 50, 70, 90°C respectively. Finally the suspensions are filtered 

through a 0.22 µm membrane filter. 
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The kinetics experiments are conducted in a closed system consisting of a 

double-layer round glass reactor that is placed on a magnetic stirring apparatus, the 

double-layer round glass reactor is connected with a thermostat water bath which could 

be adjusted to different temperatures, the water flows through the inside of the 

double-layer glass reactor to keep the temperature constant. A pH electrode combined 

with a thermometer is inserted below the surface of solution to detect the pH change in 

the reactor. The initail As(V) concentration is 1 mg/L and the goethite suspensions are 0.2 

g/L. The schematic diagram of experimental apparatus for kinetic study was shown in Fig. 

S1. 

2.3 Characterizations 

The morphology of goethite was monitored with SEM (Scanning electron 

microscopy), using a JEOL scanning electron microscope model Hitachi S-4800. XRD 

(Powder X-ray diffraction) data were collected from 10° to 70° 2θ by using Cu Kα 

(λ=0.15418 nm) incident radiation in a PANalytical X'pert PRO diffractometer. XPS 

(X-ray photoelectron spectroscopy) data were collected on a PHI QUANTUM 2000 

spectrometer (PHI, USA) with monochromatic Al Ka radiation (1486.6 eV). 

The arsenic analytical method is hydride generation atomic fluorescence 

spectroscopy (HG-AFS), capable of detecting arsenic as low as 1.0 µg/L. All the samples 

were pre-reduced by 5% (w) thiourea - 5% (w) ascorbic acid to ensure all the arsenic 

species are converted to detectable As(III). 

3. Results and discussion 

3.1 Granular goethite characterization 
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The SEM images are shown in Fig. 1 (a), goethite prepared in this study form rodlike 

nanoparticles which are aggregated together. The specific surface area of the goethite 

samples is determined by the N2/BET method to be 106.6±1 m2/g. The structure analysis 

by XRD (as in Fig. 1 (b)) demonstrates that the granular iron oxyhyroxide is goethite 

compared with the standard XRD pattern (JCPDS 29-0713) of pure goethite. 

3.2 Adsorption kinetics 

The effect of time on the arsenate uptake rate at different temperatures is shown in 

Fig. 2, which shows a rapid initial uptake followed by a slow approach to equilibrium. 

Initial rapid adsorption rate can be attributed to the more adsorption sites at the initial 

stage, the arsenic species can interact easily with the sites. The slower adsorption may be 

due to slower diffusion into the interior of goethite and the decrease of the driving 

concentration between bulk solution and geothite surface. The adsorption achieves 

equilibrium gradually within 100 min at 30, 50, 70, 90°C. With temperature increased 

from 30°C to 70°C, the slopes of kinetic curves (initial rapid stage) gradually became 

steeper, indicating the higher temperature accelerated the reaction rate. When temperature 

was increased from 70°C to 90°C, a trend of increase was also observed but the growth 

rate became smaller compared with 30 to 70°C. It may indicated that arsenate adsorption 

onto goethite became less sensitive to temperature within 70~90°C. 

Several kinetic models, i.e. pseudo-second-order, Elovich equation, Intraparticle 

diffusion equations are used to fit the kinetics data. 18 The calculated parameters of the 

three kinetic models were listed in Table. 1 and the fitting curves of Elovich equation, 

Intraparticle diffusion models were shown in Fig. S2. 
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The pseudo-second-order equation could be written as: 

2
2

1 1

t e e

t
t

q k q q
= +

 

and the Intraparticle diffusion equation: 

1/ 2
t dq k t C= +

 

Where t is time, and qt is the adsorption capacity at t, qe is the equilibrium 

adsorption capacity. k1, k2, kd are rate constants of the pseudo-first-order, 

pseudo-second-order and Intraparticle diffusion equations, respectively. Which are 

strongly depended on the applied operating conditions such as the initial solute 

concentration, pH, temperature and so on. 

A simple modified Elovich equation is as follows: 

 
1 1

( ) ln( ) ( ) lntq tαβ
β β

= +  

Where α and β are constants, t is the time, and qt is adsorption capacity at t. Elovich 

equation is frequently used to describe the initial time period of sorption process when 

the system is relatively far from equilibrium. 19 This model has been proven to be suitable 

for the heterogeneous systems, which might exhibit different activation energies for the 

chemical adsorption on the surface. 20 

The adsorption process on porous adsorbents are generally described with four 

stages, bulk diffusion, film diffusion, intraparticle diffusion and adsorption at a special 

site on the surface. Bulk and film diffusion are generally assumed to be rapid because of 

the agitation condition. As can be seen from Table 1, the pseudo-second-order could well 

describe the experimental data with the linear regression coefficients (R2) all above 0.999, 

(3) 

(1) 

(2) 

Page 8 of 30RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 9

indicating that arsenate adsorption onto goethite was second-order chemical adsorption 

process. To better undestand the rate-determining step of adsorption, the kinetic data were 

tested using the Intraparticle diffusion equation. As shown in Fig. S1, the fitting curves 

were apparently divided into two stages, which were separately linearly fitted well with 

the Intraparticle diffusion model, indicating the intraparticle diffusion process is a key 

rate-limiting step. According to the research of Barrow, 21 geothite surfaces are variable 

and possibly composed of many crystal defects and micropores, the diffusion process 

may be attributed to these areas. 22 The initial rapid stage of kinetic curves was fitted with 

Elovich equation, the values of correlation coefficients R2 are greater than 0.93 at four 

temperatures. Good conformation to Elovich equation suggested the nature of monolayer 

chemical adsorption. 

3.3 Adsorption isotherms 

The adsorption isotherms of arsenate at pH 4.6 with ionic strength of 0.01 mol/L 

NaNO3 were presented in Fig. 3, the adsorption capacity increased with an increase of 

initial arsenic concentration. Adsorption capacity as well increased from 19.84 mg/g to 

25.97 mg/g with a rise in temperature from 30 to 70°C. However, smaller difference of 

adsorption capacities (25.97 to 26.60 mg/g) were observed with the temperature 

increased from 70 to 90°C, which was in agreement with the kinetic results. At pH 4.6, 

As(V) exhibits the negative charged H2AsO4
- while the surface of goethite is positive 

charged with the key function group of –FeOH2
+, 23 anionic arsenate adsorption is 

probably enhanced by Coulombic attractions. 24 

The isotherms are fitted with Freundlich and Langmuir equations, the parameters 
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were summarized in Table 2. The linear regression coefficients of Langmuir model are all 

above 0.995, suggesting the identical adsorption sites of goethite surface and the nature 

of monolayer adsorption. The isotherms were also well described by Freundlich model. 

According to C-H.Yang, 25 The Freundlich model was set up with emphasis on two 

factors, the lateral interaciton among the adsorbed molecules and the heterogeneity of the 

energetic surface. Besides, the Freundlich model was often applied to the situation when 

the initial concentration of the adsorbate is relatively low. 26 

The Langmuir isotherm equation, as indicated below: 

max max

1e e

e L

C C

q q q K
= +  

Where, qe is the quantity of the species adsorbed at equilibrium (mg/g), KL is a 

constant representing the virtual bonding strength between the target species and adsorber, 

Ce is the equilibrium concentration of adsorbate in the solution, qmax is the maximum 

loading of the adsorbate onto adsorbent. 

The Freundlich isotherm equation was expressed as follows: 

lnqe=lnKF+1/nlnCe                                          

Where, qe is the quantity of the species adsorbed at equilibrium (mg/g), KF is a 

constant which is a measure of sorption capacity, 1/n is a measure of adsorption density, 

Ce is the equilibrium concentration of adsorbate in the solution. 

As shown in Table 2, the values of KL for arsenate adsorption increased from 0.446 

to 1.001 with the temperature increasing from 30 to 90°C, which was in good agreement 

with the observation that adsorption process was promoted by increasing of temperature. 

The values of 1/n (0.233~0.338) between 0 and 1 represent a favorable adsorption of 

(4) 

(5) 
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arsenate onto goethite. 

3.4 Calculation of thermodynamic parameters 

The temperature dependence of arsenic adsorption is associated with changes in 

several thermodynamic parameters such as ∆Go (the standard Gibbs free energy change), 

∆Ho (enthalpy change), ∆So (entropy change), the parameters are calculated by using 

equations below: 

ln(K0)= ∆S°/R-∆H°/RT                          

∆G°=-RT·ln(K0) 

where, R is the universal gas constant, T is temperature (K) and K0 is the 

thermodynamic equilibrium constant, K0 is determined using the method of Karthikeyan 27 

by plotting ln(qe/Ce) versus qe and extrapolating to zero ln(qe/Ce) (Fig. S3). 

As shown in Table. 3, the values of ∆G° are calculated from equation (7), the values 

of ∆H° and ∆S° are calculated from the slope and intercept of Van’t Hoff plot. The 

positive value of ∆H° (11.29 kJ/mol) and negative values of ∆G° (-3.31 ~ -6.31 kJ/mol) 

confirm the spontaneous and endothermic nature of adsorption process, and the decrease 

of ∆G° with a rise in temperature suggests the stronger affinity at higher temperatures. 

The positve value of ∆S° implies an increase of randomness at the solid/solution 

interface. 

3.5 Adsorption under simulative geothermal water conditions 

The components of various kinds of geothermal water differ from each other, so 

modeling of such system is very challenging. The simulative geothermal water was 

prepared with reference to the components of Datun volcanic region hot springs in 

(6) 

(7) 
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Taiwan reported by Chen Bochun et al. 17 The detailed components of simulative 

geothermal water were listed on the Table 4. As can be seen from Fig. 4, simulative 

geothermal water with multiple co-existing components promoted the adsorption of 

As(V), indicating that certain concentrations of ionic strength were beneficial for arsenate 

adsorption onto goethite. The maximum adsorption capactiy was increased from 21.7 to 

27.1 mg/g, which was probably due to the effect of compression of double charged layer 

and be favorable for the arsenic species to get closer to the goethite surface. Multivalent 

cations such as Ca2+, Mg2+, Fe3+ are probably going to form co-precipitation (CaHAsO4, 

MgHAsO4, FeAsO4•2H2O) with arsenate, thereby improving arsenate removal efficiency. 

So adsorption experiments in simulating geothermal water (lacking Ca2+, Mg2+, Fe3+, Al3+) 

were carried out in this study. The results show that arsenate adsorption in simulative 

geothermal water are still enhanced compared with that in simulative geothermal water 

(lacking Ca2+, Mg2+, Fe3+, Al3+), indicating that multivalent cations such as Ca2+, Mg2+, 

Al3+ promote the As(V) adsorption process. The result is similar with the testing result of 

M. Stachowicz 28 that both Ca2+and Mg2+ promoted PO4
3- adsorption onto goethite. 

Many competitive anions were reported to have adverse effect on arsenic adsorption 

onto geothite, the main single interfering ion (phosphate and fluorin) are carried out by 

taking equal concentrations of the competing anion as that of arsenic, results showed that 

phosphate had a profound competing impact on arsenic adsorption, this is not difficult to 

understand because elements of Phosphorus and arsenic are in the same main group and 

PO4
3-, AsO4

3- have the identical chemical structure, both molecules are tetrahedral 

oxyanions with similar pKa values. 29 Moreover, fluorion is frequently detected at high 
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concentrations in geothermal water, our results showed that fluorion had little interfering 

effect on arsenate adsorption as shown in Fig. S4. 

3.6 Analysis of XRD and XPS spectra 

The crystallite structure of geothite after arsenate adsorption (initial arsenic solution 

is 10 mg/L) at four different temperatures are investigated. Fig. 5 shows the XRD 

patterns of geothite at four temperatures, all the XRD patterns are consistent with that of 

standard XRD card (JCPDS 29-0713), it was demonstrated that goethite could exsit 

stably even at temperature as high as 90°C, and the crystallite structure of goethite is not 

changed after arsenic species adsorption. 

To prove the existence of arsenic onto goethite, XPS analysis is conducted for the 

sample of goethite reacted with arsenate. Fig. 6 illustrated the wide scan XPS spectrum of 

goethite after arsenate adsorption. The occurrence of new peaks for arsenate of As1mm 

and As3d were observed, confirming the adsorption of arsenate onto goethite. Fig. S5 

exhibited the values of the binding energy of the As3d core level in arsenic oxides are ca. 

45.5 eV for As(V). Therefore, it can be demonstrated that the valence state of As(V) was 

not changed during the adsorption process. 

To further investigate the surface hydroxyl group of goethite, O(1s) narrow scans of 

goethite before and after As(V) adsorption are analysed. The O(1s) spectrum is composed 

of overlapped peaks of oxide oxygen (O2-), hydroxyl (OH
-
), and sorbed water (H2O). 30 

The O(1s) peaks are fitted with two components ((O2− at 529.6 eV and OH− at 530.9 eV) 

for pure α-FeOOH, an additional peak at 531.3 eV can be attributed to the absorbed H2O. 

31 
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All of the spectra are fitted using a 50:50 Gaussian:Lorentzian peak shape and the 

fitting results are obtained as shown in Fig. 7 and Fig. 8. The key reactive group of OH
-
 

occupies 37.4% of the surface oxygen in goethite as shown in Fig. 7, a significant 

decrease of the OH
-
 species was observed after arsenate adsorption at diferent 

temperatures, occuping 25.6%, 24.5%, 23.9% and 23.6% at 30°C，50°C，70°C and 90°C, 

respectively, as shown in Fig. 8. This result might indicate that singly coordinated iron 

hydroxyl (OH
-
) was involved and replaced with arsenate oxyanion, the reaction was 

probably carried out through the formation of inner-sphere mondentate complex 

FeOAsO2OH and inner-sphere bidentate complex (FeO)2AsO2, which was in accordance 

with the possible reactions shown below. 28 

       ≡FeOH-1/2 + 2H+ + AsO4
3- → FeO-1/2+⊿Z0AsO2OH⊿Z1 +H2O            (8) 

      ≡FeOH-1/2 + 2H+ + AsO4
3- →(FeO)2

 -1/2+⊿Z0AsO2
⊿Z1 + 2H2O            (9)                          

⊿z0, ⊿z1 are the interfacial charge distribution (CD) model coefficients, ⊿z0+⊿z1 is 

equal to the charge introduced by arsenate adsorption. 

4. Conclusions 

The present study showed that the synthesized goethite has a strong affinity for 

inorganic arsenate in aqueous system, temperature plays an important role in the arsenic 

species adsorption, the adsorption capacities increase with an increase in temperature 

30~90°C. Adsorption isotherms could be fitted well to Langmuir model and the kinetics 

fit best to the pseudo-second equation. Adsorption of arsenate exhibited a better 

performance under simulative geothermal water conditions, co-existing multivalent 

cations such as Ca2+, Mg2+, Al3+ facilitated arsenate adsorption. XRD analysis revealed 
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that the crystallite structure of geothite after arsenate adsorption was not changed within 

temperature 30~90°C. The content of iron hydroxyl group decreased from 35.4% of the 

raw goethite to 25.6% at 30°C and 23.2% at 90°C after adsorption, which indicated that 

the singly coordinated iron hydroxyl (OH
-
) was involved and higher temperature 

(50-90°C of goethermal water) facilitated arsenate to form the inner-sphere bidentate or 

mondentate complex at pH 4.6. 
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Table 1. The kinetic models fitting parameters of As(V) adsorption onto goethite at various 

temperatures at pH 4.6. 

 

Kinetic 

models 
Pseudo second-order equation Intraparticle diffusion function 

Temperature 
k2  

(g• mg-1•min-1)        

R2 
kd 

(mg·L-1·min-1/2) 
R2 

30°C 0.033 0.999 0.063 0.576 

50°C 0.043 0.999 0.055 0.461 

70°C 0.156 0.999 0.049 0.330 

90°C 0.290 0.999 0.040 0.273 
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Table 2. The parameters of adsorption isotherms of As(V) adsorption onto goethite at pH 

4.6. 

 

                  Langmuir isotherm Freundlich isotherm 

Temperature (°C) Qmax(mg/g) kL(L/mg) R
2
 n KF(mg/g) R

2
 

30 19.84 0.446 0.995 2.958 6.208 0.974 

50 22.32 0.598 0.995 3.094 7.740 0.984 

70 25.97 0.992 0.997 3.188 10.15 0.967 

90 26.60 1.001 0.997 4.301 13.31 0.963 
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Table 3. Thermodynamic parameters for As(V) adsorption onto goethite at different 

temperatures at pH 4.6. 

 

Temperature(°C) K0 ∆G°（kJ/mol） ∆S°（kJ/mol/K） ∆H°（kJ/mol） 

30 

50 

70 

90 

3.72 

4.57 

5.40 

8.09 

-3.31 

-4.08 

-4.81 

-6.31 

 

0.045 

 

 

11.29 
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Table 4. The components of simulative geothermal water 

 

Components Concentration (mg/L) 

Mn2+ 

Mg2+ 

Al3+ 

Ca2+ 

Fe2+ 

F- 

PO4
3- 

SiO3
2- 

NO3
- 

Cl- 

SO4
2- 

K+ 

Na+ 

NH4
+ 

1.0 

1.0 

1.3 

2.3 

0.5 

2.0 

1.0 

2.6 

6.2 

4.4 

17.5 

0.5 

4.8 

0.3 
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Figure captions 

Fig. 1 (a) SEM images of goethite. (b) The XRD pattern of goethite. 

Fig. 2 Kinetics of As(V) adsorption onto goethite at 30, 50, 70, 90°C (As initial 

concentration 1 mg/L, adsorbent dosage 0.2 g/L, pH 4.6.) and Pseudo-second-order fitting 

curve. 

Fig. 3 Adsorption isotherm for As(V) adsorption onto goethite at 30, 50, 70, 90°C (the 

initial concentration of As is 1, 2, 5, 10, 20 mg/L, respectively, adsorbent dosage 0.5 g/L, 

pH 4.6.) 

Fig. 4 As(V) adsorption onto geothite under simulative geothermal water conditions at 30, 

50, 70, 90°C (the initial As concentration is 20 mg/L, geothite concentration 0.5 g/L, pH 

4.6.) 

Fig. 5 XRD patterns of goethite and after arsenic adsorption at different temperatures. 

Fig. 6 The XPS spectra of wide scan of As-loaded goethite. 

Fig. 7 O1s spectra of goethite. 

Fig. 8 O1s spectra of goethite after As(V) adsorption. 
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      Fig. 1 

 

 

 

 

 

Page 23 of 30 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 24

 

 

As(Ⅴ)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0 100 200 300 400

t/min

C
t/C

0

30 ℃

50 ℃

70 ℃

90 ℃

 

Pseudo-second-order

0

100

200

300

400

500

600

0 500 1000 1500 2000
t

t/
q

t

30 ℃

50 ℃

70 ℃

90 ℃

 

Fig. 2 
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Fig. 3 
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Fig. 4 
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   Fig. 6 
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      Fig. 7 
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Fig. 8 
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