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Abstract 

Activated carbon has widely been used to adsorb and remove various pollutants, but it is not an adequate treatment 

solution for degrading pollutants; rather, it merely transforms the pollutants from a liquid-phase to a solid-phase bound 

in the carbon matrix. In this study, we have investigated the immobilization of nanoscale zero-valent iron (nZVI) on 

granular activated carbon (GAC) for the purpose of providing redox reactivity towards water pollutants. Two 

representative processes for nZVI immobilization on granular activated carbon (GAC/Fe) were evaluated, and 

concluded by the suggestion of optimized conditions for synthesizing GAC/Fe composites. Both total iron content and 

Fe0 content can be significantly influenced by the preparation process; therefore, it was important to avoid oxidation 

during preparation, in order to achieve the highest possible reduction capacity. The optimal condition for producing 

reactive GAC/Fe was determined to be immersing GAC in a Fe2+ solution for 24 h, followed by the reduction of Fe2+ to 

Fe0 without an intermediate drying step. The reactivity of prepared GAC/Fe was tested by evaluating nitrate reduction; 

additionally, the effect of acid addition was investigated. A colorimetric assay was applied to quantify the reaction 

products, whereupon the effectiveness of the colorimetric assay was well verified. Ultimately, the prepared GAC/Fe 

composite demonstrated a synergistic effect between the adsorption capability of the GAC and the degradation 

capability of the nZVI, which make this composite a very effective material for environmental remediation. 
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1. INTRODUCTION 

As international water scarcity problems have grown and the demand for stable water supply has increased, new, 

effective, and applicable water treatment methods have actively been studied. Various materials for effective water 

treatment have been developed and introduced in various fields, ranging from the development of novel materials, 

such as nanomaterials (Savage and Diallo 2005) and biomimetic membranes (Tang et al. 2013), to the modification of 

materials commonly used in existing water treatment processes like activated carbon (Rivera-Utrilla et al. 2011; 

Mines et al. 2017). To date, activated carbon has been widely used to adsorb and remove various pollutants, such as 

pesticides (Hameed et al. 2009), heavy metals (Kobya et al. 2005), and pharmaceuticals (Grover et al. 2011) in the 

water treatment process. It has the advantage of adsorption potential for various pollutants at a very low cost; however, 

it also has a disadvantage in that it is not a capable treatment mechanism for degrading pollutants, rather it merely 

transforms the pollutants from a liquid-phase to a solid-phase bound in the carbon matrix. 

 

Research has been conducted to immobilize reactive nano-metal particles on the surface of and in the pores of 

activated carbon, in order to overcome the limitations of the pollutant removal mechanism of activated carbon and to 

provide reactivity that consequently degrades pollutants. For example, immobilization of titanium dioxide (TiO2) with 

activated carbon allows for photocatalytic degradation of compounds (Subramani et al. 2007) and silver nanoparticle 

(Ag) immobilization has been applied to enhance activated carbon with antimicrobial properties (Yoon et al. 2008).  

 

Nanoscale zero-valent iron (nZVI) is known to be capable of effectively treating materials such as chlorinated organic 

compounds, nitrate, and nitrobenzene through redox reactions (Crane and Scott 2012). It has a high reactivity due to 

its small size and high specific surface area, which can then drastically shorten the treatment period. On the other hand, 

due to its small size (i.e. < 100 nm diameter), it is difficult to recover from the treated effluent; and thus, it has not 

been widely applied due to concerns of subsequent leakage into the final produced water. In order to overcome the 

limitations of such applications, studies have been actively conducted to immobilize zero-valent iron nanoparticles 

(nZVI) on a carrier such as granular activated carbon (GAC) (Zhu et al. 2009; Mines et al. 2018), alginate (Kim et al. 

2010), or membranes (Liu et al. 2014). Among them, the immobilization technique using activated carbon as a carrier 

has been actively studied because of its low cost, as well as its high applicability and versatility in water treatment 

operations.  

 

Several immobilization methods have been proposed through various studies, and it has been reported that nanoscale 
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zero-valent iron immobilized granular activated carbon (GAC/nZVI) with different properties can be produced 

depending on the particular synthesis conditions. Typical synthesis methods include immersing activated carbon in a 

high-concentration iron nitrate solution, volatilizing the anions of the iron solution at high temperatures to physico-

chemically immobilize the iron (Choi et al. 2008), and immersing the GAC in a low-concentration iron solution at 

room temperature to facilitate the chemical attachment of iron ions (Tseng et al. 2011).  

 

However, there is a lack of systematic study on how the properties of composites are changed according to each 

synthesis method and the reasons behind these changes. Therefore, in this study, we investigated the effect of the 

synthesis pathway on the properties of GAC/Fe composites produced, in terms of the amount of immobilized reactive 

iron. Moreover, in order to understand the reduction efficiency and the reaction mechanism, the final synthesized 

GAC/Fe composites were tested for reactivity by assessing their ability to degrade nitrate. Finally, our previously 

developed colorimetric assay to quantify the reducing reactivity of nZVI (Hwang et al. 2016) has been applied to 

analyze the produced composites and more completely evaluate their reactivity. 

 

2. METHODS 

2.1 Iron attachment on granular activated carbon 

Three different strategies were employed to create different GAC/Fe composites, a wetness impregnation method 

(GAC/Fe 1) and two different routes using direct Fe2+ attachment by soaking GAC into Fe(SO4) solution (GAC/Fe 2 

and GAC/Fe 3). The overall outline of the methods is detailed in Fig. 1. 

 

Fig 1. Overall synthesis procedures for the different GAC/Fe composites. 

 

2.1.1 Wetness impregnation method 

This synthesis method was partially modified from previously reported methods in existing literature (Choi et al. 

2008). Granular activated carbon (GAC, 1240W, Norit®) used in this study possesses an effective diameter of 0.6-0.7 

mm. First in the composite synthesis, the GAC was washed with deionized water and dried at 60 oC for 24 h. Then, 10 

g of washed GAC were placed in a ceramic crucible and 5 mL of 11.3 M ferric nitrate (Fe(NO3)3·9H2O) solution was 

added, followed by stirring for 10 min with a magnetic stirrer. Afterwards, the nitrate anions in the ferric nitrate 

solution were volatilized using a heating oven. The heating conditions were 1 h at 150 ° C and 4 hours at 300 ° C, the 

temperature was increased at a rate of 3 °C per min. Prepared samples were stored in an anaerobic chamber to prevent 
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further oxidation. The nZVI/GAC composite synthesized using the above conditions was named GAC/Fe 1. The 

overall scheme is presented in Fig. 1. 

 

2.1.2 Direct Fe2+ attachment by soaking GAC into Fe(SO4) solution 

This synthesis method was partially modified by using the synthesis method presented in the existing literature (Tseng 

et al. 2011). First, 10 g of washed GAC was placed in a 3-necked round bottom flask, and 150 mL of 0.84 M 

FeSO4·7H2O solution was injected, followed by stirring for 24 h. The pH during Fe2+ adsorption (non-adjusted and 

adjusted to 7), adsorption time, and concentration were investigated to determine the optimal conditions. The pH was 

adjusted by using 1M H2SO4 and NaOH solutions. Nitrogen gas was continuously delivered to the flask, in order to 

prevent oxidation of Fe2+ ions during stirring. After stirring for 24 h, the solid was separated using a sieve (40 mesh, 

0.42 mm), washed with deionized water and ethanol (99.9%), and dried in a vacuum oven at 60 °C for 4 h. Prepared 

samples were stored in an anaerobic chamber to prevent further oxidation. The synthesized samples without and with 

pH adjustment were named as GAC/Fe 2 and GAC/Fe 3, respectively.  

 

2.1.3 One-pot synthesis  

In order to investigate the effect of the drying conditions on the synthesis, the samples were reduced to zero-valent 

iron using NaBH4 immediately after the agitation and washing process without drying. Detailed conditions for 

reduction are described in section 2.2 below. The obtained samples were named as GAC/Fe 2A and GAC/Fe 3A.  

 

2.2 Reduction of attached iron to zero-valent state by NaBH4 

The chemical reduction method using NaBH4 was used to reduce iron (Fe2+/Fe3+) attached to GAC to zero-valent iron 

(Fe0). The reaction of iron ions with NaBH4 takes place as shown in the following reaction (Eq. 1) (Hwang et al. 

2014). 

 

2Fe2+ + BH4
- + 3H2O  2Fe0 + H2BO3

- + 4H+ + 2H2 (Eq. 1) 

 

10 g of iron-loaded GAC was placed in a 3-necked round bottom flask and 150 mL of 1.19 M NaBH4 solution was 

injected at a flow rate of 10 mL/min using a metering pump. Nitrogen gas was continuously delivered into the flask to 

prevent oxidation during the reaction. After the injection was completed, stirring was continued for 2 h so that the 

reaction could run to completion. After the reduction was completed, it was washed with deionized water and ethanol 
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(99.9%) and then dried in a vacuum oven at 60 °C for 4 h. Prepared samples were stored in an anaerobic chamber to 

prevent further oxidation. 

2.3 Characterization of prepared GAC/nZVI composites 

2.3.1 Fe(0) content  

An acid elution method was used to measure the total iron content and the fraction of zero-valent iron contained in the 

composite (Liu et al. 2005). For this, 0.1 g of sample was placed in a 10 mL glass vial and sealed with PTFE septa and 

an aluminum seal. 5 mL of hydrochloric acid (37%) was added and allowed to react for 24 h. Iron in the composite 

was consequently digested by the acid, which causes the reactive iron (Fe0) to generate hydrogen gas by the following 

reaction (Eq. 2). 

 

2Fe0 + 6H+  2Fe3+ + 3H2   (Eq. 2) 

 

After 24 h, 0.2 mL of headspace gas was obtained using a precision syringe and the fraction of hydrogen in the gas 

was determined using gas chromatography (Mikrolab GC82, Mikrolab Aarhus A/S, Denmark). The column used was 

a 4.5 m x 3.0 mm molecular sieve 5A column and nitrogen gas was used as the mobile phase. A thermal conductivity 

detector was used as the detector. The inlet, detector, and column temperatures were all adjusted to 90 °C. The iron 

concentration of the liquid sample after acid digestion was analyzed by an atomic absorption spectrometer (AAS, 

AAnalyst 200, PerkinElmer, USA) to measure the total iron content. Based on the measured iron concentration and 

hydrogen gas concentration, the zero-valent iron content in the sample was determined. Briefly, measured hydrogen 

gas concentration (%) was converted by calculation into hydrogen gas volume and hydrogen gas mole, and it further 

converted as mole of Fe(0) using the stoichiometric ratio given in Eq. 2. Finally, the calculated Fe(0) was compared 

with the measured total iron concentration by AAS to obtain the percentage of Fe(0) over total Fe.  

 

2.3.2 Scanning electron microscopy 

Scanning electron microscopy (FEI Inspect S, FEI, USA) was used to observe the microstructure and morphology of 

the synthesized samples. For smooth analysis of the sample, the surface of the sample was coated with gold using a 

sputter coater (Model 208HR, Cressington, UK). 

 

2.3.3 X-ray diffraction 

The chemical structure of GAC/Fe 2A was analyzed using X-ray diffraction (XRD) (D/MAX-RB, RIGAKU, Japan) 
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analysis with Cu KN radiation. The scan range of 2Θ was 30–80◦ with a scan speed of 1◦/min. Prior to measurement, 

the GAC/Fe 2A was ground to a powder by pestle and mortar and then applied for XRD analysis.  

 

2.4 Quantification of reducing reactivity of the GAC/Fe composites 

The reduction of nitrate to ammonium was used to determine the reduction reactivity of the synthesized sample. 

Reactivity testing was carried out using a 50 mL glass vial. 1 g of sample was added to the vial, 39 mL of acid 

solution was injected, and sealed with a PTFE septum and an aluminum seal. HEPES, acetic acid, hydrochloric acid, 

and citric acid were used as the acid solution and the concentration was 40 mM. Subsequently, 1 mL of nitrate stock 

solution was injected to initiate the reaction. Periodically, 2 mL of the sample was collected, filtered through a 0.45 

μm filter; the filtrates were stored for eventual analysis. The initial concentration of nitrate in this test was set at 25 mg 

NO3-N/L.  

 

4Fe0 + NO3
- + 7H2O    4Fe2+ + NH4

+ + 10OH- (Eq. 3) 

 

Nitrate is reduced by zero-valent iron and converted into ammonium, as described in the above equation (Eq. 3), and 

the concentration of ammonium was measured using the colorimetric assay described in our  previous research 

(Hwang et al. 2016). Ammonium was selected as the only measured product since the fate of nitrogen species during 

nitrate reduction by nZVI has already been reported in our previous research (Hwang et al. 2010; Hwang et al. 2011). 

It is necessary to evaluate the ammonium adsorption ability of the sample, since there is the possibility that the 

ammonium produced is adsorbed on the activated carbon and therefore not likely to be measured. That being said, an 

adsorption experiment using 25 mg-N/L of ammonium was carried out in the same manner as the above experiment 

using nitrate, and the amount of ammonium adsorbed over time was evaluated. Thus, the maximum amount of 

ammonium that can be produced is derived as the sum of the concentration of ammonium actually measured in the 

nitrate reduction experiment and the concentration of ammonium that can be removed by adsorption. The nitrate 

removal kinetics were simulated by the following first order reaction. 

Ct = C0 × e-kt    (Eq. 4) 

(Ct = concentration at time t (mg/L), C0 = initial concentration (mg/L), k = reaction kinetic constant (min-1)) 

 

3. RESULTS AND DISCUSSION 

3.1 Effect of the GAC/Fe synthesis route on the production of Fe(0) in the composites 
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3.1.1 Optimization of GAC/Fe 2 and 3 synthesis routes 

In this study, the effect of synthesis conditions for GAC/Fe 2 and GAC/Fe 3 were evaluated and optimized. The 

synthesis condition for GAC/Fe 1 was not optimized in this study, as it was obtained from previous studies (Zhu et al. 

2009). The optimization was to determine the best conditions for iron attachment, so the pH and iron concentration 

were chosen as experimental variables, and the effect of those variables on iron attachment was evaluated, illustrated 

in Fig. 2. The pH was varied from 3 (without pH adjustment) to 8, and the Fe2+ concentration was varied from 10 to 

100% of the applied GAC mass. The reaction time was set to be 24 h for all cases.     

 

Fig 2. Total iron content in the GAC/Fe composites prepared in different pH and iron concentrations. Numbers 

in white boxes indicate the iron content (%). Brown circles represent the experimental conditions conducted.  

 

Higher iron content could be obtained when the pH and Fe2+ concentration were high. During the iron attachment 

process, the effect of pH on the morphology of Fe2+ solution could be clearly seen. A transparent Fe2+ solution was 

maintained in acidic conditions without pH adjustment, but the formation of iron precipitates were observed in neutral 

conditions, which might be due to the formation of iron hydroxides (Morgan and Hahav 2007). Therefore, we selected 

pH 3 and 7 as the two representative cases to investigate the effect of pH on the performance of composites. We 

named those as GAC/Fe 2 (pH 3) and GAC/Fe 3 (pH 7). It was hypothesized that GAC/Fe 2 has only chemical 

interactions such as electrostatic interaction between GAC surface and Fe2+ ions that create the attachment of iron 

(Fe2+-GAC interaction/equilibrium), while GAC/Fe 3 will have physical iron precipitation on the GAC surface as well 

as the chemical interactions in GAC/Fe 2.  

 

3.1.2 Comparison of synthesis routes 

The observation of GAC/Fe 1 by scanning electron microscopy (SEM) is imaged in Fig. 3 (a-b). As observed in Fig. 3 

(a), it can be seen that a thick layer is formed on the surface of the existing activated carbon particles. The thick layer 

is composed of the hexagonal plate-like structure as seen in Fig. 3 (b). In existing literature (Tseng et al. 2011), the 

state of iron after heat treatment was found to be present as α-Fe2O3, and the hexagonal plate structure observed by 

SEM is a typical form of Fe2O3 (Fu et al. 2012).  

  

Fig 3. SEM images of prepared GAC/Fe composites (a, b) GAC/Fe 1, (c, d) GAC/Fe 2, (e, f) GAC/Fe 3. 
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The SEM images of GAC/Fe 2 and GAC/Fe 3 prepared according to the synthesis conditions using the FeSO4 solution 

are observed in Fig. 3 (c-f). As seen in Fig. 3 (c) and (e), the pores of the activated carbon remained distinct, and no 

thick layer was formed on the surface. Moreover, as seen in Fig. 3 (d) and (f), it was confirmed that iron particles 

adhered to a part of the pores or the surface. In particular, it was confirmed that more iron particles were immobilized 

in the case of GAC/Fe 3, whose pH was adjusted to 7, compared to GAC/Fe 2, which did not have an adjusted pH. 

 

The amount of attached iron was quantified by reactive iron analysis, as described in section 2.3.1; and it was 

presented in Fig 4. Fig. 4 plots the total iron content (w/w%), the zero-valent iron content among attached iron 

(w/w%), and the zero-valent iron content per gram of sample, respectively. In the case of GAC/Fe 1, the content of 

iron in the sample was 16.7%, which was considerably high. However, the ratio of zero-valent iron was very low, 

0.16%, and the content of zero-valent iron per g of sample was only 0.27 mg/g. These results indicate that the iron 

deposition process for GAC/Fe 1 can physically deposit a large amount of iron using a high concentration of iron 

solution, but most of the iron deposited using these conditions exists in the form of iron oxide (α-Fe2O3), which is hard 

to reduce to elemental iron. This is consistent with the results of previous studies in which reduction of iron oxide (α-

Fe2O3) by NaBH4 occurs mostly on the surface and overall efficiency is low (de Resende et al. 2007). Recently, a 

study by Bae et al. (Bae et al. 2016) have reported that the iron reactivity with NaBH4 varies greatly depending on the 

type of iron oxide. Therefore, it is necessary to control the synthesis conditions of iron oxide to increase the 

conversion of said iron oxides to zero-valent iron. 

 

On the other hand, GAC/Fe 2 and GAC/Fe 3, which used soaking of GAC at a low concentration of FeSO4 solution, 

had significantly different results compared to GAC/Fe 1. Total iron contents were significantly lower than GAC/Fe 1, 

1.03% and 2.71% for GAC/Fe 2 and GAC/Fe 3, respectively. GAC/Fe 3 exhibited a higher total iron content, owing 

to the pH adjustment leading to iron hydroxide precipitates being formed. These results agreed well with the obtained 

SEM images. The ratios of zero-valent iron were much higher than that of GAC/Fe 1, 11.0% and 4.1% for GAC/Fe 2 

and GAC/Fe 3. Finally, the zero-valent iron content in the composites was calculated to be 1.14 and 1.10 mg/g 

composite for GAC/Fe 2 and GAC/Fe 3, respectively. These results clearly explained that the form of iron attached 

was one of the most important factors in determining the overall performance of the GAC/Fe composite, and it is 

important to control the synthesis conditions when preparing a reactive GAC/Fe composite.  

 

Fig 4. Total iron and zero-valent iron content in the composites prepared using different synthesis routes.  
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3.1.3 One-pot synthesis 

Based on the results in section 3.1.2, we have tested a one-pot synthesis regime for GAC/Fe 2 and GAC/Fe 3 samples. 

Previously, GAC was immersed in Fe2+ solution, washed with deionized water and ethanol, dried in a vacuum oven 

for 4 h, and finally reduced to nZVI form using NaBH4 solution. For the one-pot synthesis regime, GAC was 

immersed in a Fe2+ solution, and then the Fe2+ solution was removed using a sieve and the reduction by NaBH4 

solution was conducted without an intermediate drying step. The prepared samples in the one-pot synthesis regime 

were named as GAC/Fe 2A and GAC/Fe 3A.  

 

Table 1. Total iron and zero-valent iron content in the composites prepared by the one-pot synthesis scheme.  

  

The total iron content and the zero-valent iron content of the synthesized GAC/Fe 2A and GAC/Fe 3A were measured 

and compared with the previous samples. The total iron contents were 1.69% and 3.20% for GAC/Fe 2A and GAC/Fe 

3A, respectively, which were higher than in previous samples. This indicates that the iron that has been physically 

attached to the surface can be washed away by several washes of deionized water and ethanol. The fraction of zero-

valent iron was 78.6% in the case of GAC/ Fe 2A, which was 4.1 times higher than that of the general sample, 

indicating that there was 13.3 mg of zero-valent iron per g of sample. GAC/Fe 3A also showed 4.8 times higher zero-

valent iron content than that of the general sample, indicating the advantage of the one-pot synthesis. 

 

The high content of zero-valent iron confirmed that the Fe2+ attached could be converted to iron oxide or iron 

hydroxide during the drying step, which is difficult to reduce using NaBH4. In order to obtain high iron and zero-

valent iron content, it is important to omit the intermediate washing and drying entirely. Therefore, the optimal 

condition was determined to be GAC/Fe 2A, which uses FeSO4 solution as a precursor and then reduces it to Fe(0) 

without any pH adjustment or intermediate washing and drying step.  

 

The XRD analysis was conducted for GAC/Fe 2A, in order to confirm the chemical composition of the iron product. 

As illustrated in Fig. 5, the weak peak of zero-valent iron located at a 2θ of 44.9o was identified. At the same time, a 

minor peak of magnetite, one of the iron corrosion product, was also identified at a 2θ of 35.8o. This result indicated 

that the iron product immobilized on the GAC/Fe 2A sample is mostly zero-valent iron, with a minor amount of iron 

oxide. This result is well agreed with the reactive iron content analysis using acid digestion followed by H2 generation, 
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which is an effective and versatile method for determining optimal synthesis conditions in this study.   

 

Fig 5. XRD spectra of GAC/Fe 2A 

 

We calculated the iron mass balance in the one-pot synthesis for GAC/Fe 2A.  Initially, 7 g of Fe2+ was applied for 10 

g of GAC. Solid-liquid separation was done using a sieve, then the collected solid was subsequently used for 

reduction to zero-valent iron. The iron content, determined by atomic absorption, in the liquid fraction was determined 

to be 6.6 g of Fe, which means only 5.7% of the iron was attached by immersion of GAC. Therefore, the remaining 

solution still contains very high concentration of Fe2+, which yields the possibility of recycling the solutions used. 

Among the attached iron, 60% was lost during the final washing step; consequently, 1.7% of iron content could be 

achieved.  

 

3.2 Reducing reactivity of prepared GAC/Fe composites 

3.2.1 Nitrate reduction in various acid solutions 

 

Fig 6. (a) Produced ammonium profiles under different acid conditions, (b) pH variation during the reaction, (c) 

positive control to confirm validity of colorimetric assay. 

 

The prepared GAC/Fe 2A composite was applied for nitrate reduction in various acid conditions, as plotted in Fig. 

6(a). An almost negligible production of ammonium was obtained without applying any buffer to the system. This is 

due to an increased pH, to above 9.5, by the production of hydroxyl ions as a byproduct of the nitrate reduction and 

reaction with water (Eq. 3) (Hwang et al. 2011).  

 

The high pH causes a formation of an iron oxide layer on the surface of nZVI, which inhibits electron transfer for 

nitrate reduction. This is well agreed with previous literatures studying the effect of pH on nitrate reduction (Hwang et 

al. 2010; Bae and Hanna 2015). In order to overcome this pH issue, we have tested several common acids to provide 

acidity in solution, those being HEPES, acetic acid, hydrochloric acid, and citric acid. The concentration of each acid 

was set to be 40 mM, which is enough for consuming all the hydroxyl ions produced (35.8 mM) during the reaction of 

the Fe(0) added (17.9 mM).  
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Addition of acid was helpful to maintain pH in a certain region (Fig 6(b)). Each acid has a different pH region, for 

example, HEPES maintained a pH of around 7, while a pH of 3-4 was maintained by citric acid. The ammonium 

generation profiles was significantly affected by the acid used. Depending on the acid used, different reaction kinetics 

and capacities were obtained. Among the four acids tested, acetic acid was determined to be the most desirable acid, 

in terms of reactivity. The pH was maintained in the range of 4 to 6.  

 

The produced ammonium concentrations were obtained by the colorimetric assay using a microplate described in our 

previous study (Hwang et al. 2016). In order to verify the effectiveness of the color assay, a positive control test was 

conducted. A known amount of ammonium was added to the samples and checked for differences in absorbance. This 

test was conducted to make sure that the colorimetric assay was not altered by the solution conditions, such as pH or 

any other acid species. As plotted in Fig 6 (c), the addition of 0.4 mg/L of ammonium caused an increase in the 

absorbance, of around 0.31, which was almost identical for all the test conditions.    

 

3.2.2 Validation of multi-well microplate based colorimetric assay for quantification of reaction products 

through nitrogen mass balance  

The possibility of applying GAC/Fe 2A to the pollutant removal process was evaluated using nitrate as a model 

pollutant. It was known that nitrate is converted into ammonium through the reaction with zero-valent iron; therefore, 

the concentration of the reaction product ammonium was monitored to assess the reduction reaction. The initial 

concentration of nitrate as nitrogen (NO3-N) was set at 25 mg-N/L. The initial pH of the solution was 4.0, due to the 

addition of acetic acid as a buffer. After 4 h of reaction, the pH rose to 6.0, indicating that the entire reaction 

proceeded under acidic conditions. 

 

Fig 7. Nitrogen mass balance during nitrate reduction by GAC/Fe 2A. 

 

The concentration of ammonium increased rapidly, up to 11.8 mg-N/L during the initial 60 min, then slightly 

decreased to 11.6 mg-N/L at a reaction time of 4 h. These results indicated that the GAC/Fe 2A can reduce the nitrate 

to ammonium, as well as adsorb the generated ammonium. Therefore, it was not possible to measure the maximum 

amount of ammonium produced simply by monitoring the concentration of ammonium. In order to overcome these 

limitations, the ammonium adsorption experiment of the GAC/Fe 2A was carried out simultaneously. The initial 

ammonium concentration was 25 mg-N/L, and it decreased to 12.8 mg-N/L at 4 h of reaction time. In order to obtain 
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the maximum removal rate of nitrate, while also considering the adsorption of ammonium, the sum of the amount of 

ammonium produced and the amount of adsorbed ammonium was set as the maximum removal of nitrate. 

 

The nitrate removal efficiency increased with respect to time, and it was almost unchanged after 1 h of reaction time. 

At this time, the total removed nitrate was calculated to be 23.9 mg-N/L, which was 95.6% when compared with the 

initial concentration of 25 mg-N/L. The overall nitrogen reduction kinetics were calculated through a pseudo-first-

order reaction and the kinetics constant was found to be k = 0.0519 min-1. 

 

4. Conclusion 

Throughout this study, we compared the nZVI immobilization process using GAC as the supporting media, in terms 

of iron loading and its reactivity. In order to synthesize an effective GAC/Fe composite, it is important to increase the 

fraction of zero-valent iron while still maintaining a high iron content; furthermore, it is important to inhibit the 

formation of iron oxides and iron hydroxides during the synthesis process. The optimum conditions were determined 

to be immersing GAC in a Fe2+ 0.84 M solution without any pH adjustment for 24 h, and then reducing it for 2 h in a 

1.19 M NaBH4 solution without an intermediate drying step, therefore labelled a one-pot synthesis. The prepared 

GAC/Fe 2A was effective for the removal of water contaminants, such as nitrate, and possesses both the adsorption 

capacity of activated carbon and the reducing ability of zero-valent iron. The reducing reactivity of prepared 

GAC/nZVI was successfully investigated and compared with the colorimetric assay for determining nZVI reactivity 

developed in our previous study.  
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Table 1 Total iron and zero-valent iron content in the composites prepared by the one-pot synthesis scheme.  

 
Total Fe (%) Fe0 (%) Available Fe0 

(mg Fe/g GAC) 

GAC 2 1.03 11.0 1.14 

GAC 2A 1.69 78.6 13.3 

GAC 3 2.71 4.1 1.10 

GAC 3A 3.20 19.7 6.3 
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Figure captions 
 
Fig 1. Overall synthesis procedures for the different GAC/Fe composites. 
 
Fig 2. Total iron content in the GAC/Fe composites prepared in different pH and iron 
concentrations. Numbers in white boxes indicate the iron content (%). Brown circles represent the 
experimental conditions conducted. 
 
Fig 3. SEM images of prepared GAC/Fe composites (a, b) GAC/Fe 1, (c, d) GAC/Fe 2, (e, f) 
GAC/Fe 3 
 
Fig 4. Total iron and zero-valent iron content in the composites prepared using different synthesis 
routes. 
 
Fig 5. XRD spectra of GAC/Fe 2A 
 
Fig 6. (a) Produced ammonium profiles under different acid conditions, (b) pH variation during the 
reaction, (c) positive control to confirm validity of colorimetric assay. 
 
Fig 7. Nitrogen mass balance during nitrate reduction by GAC/Fe 2A. 
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Fig 1. Overall synthesis procedures for the different GAC/Fe composites. 
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Fig 2. Total iron content in the GAC/Fe composites prepared in different pH and iron concentrations. Numbers 

in white boxes indicate the iron content (%). Brown circles represent the experimental conditions conducted.  
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Fig 3. SEM images of prepared GAC/Fe composites (a, b) GAC/Fe 1, (c, d) GAC/Fe 2, (e, f) GAC/Fe 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig 4. Total iron and zero-valent iron content in the composites prepared using different synthesis routes. 
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Fig 5. XRD spectra of GAC/Fe 2A 
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Fig 6. (a) Produced ammonium profiles under different acid conditions, (b) pH variation during the reaction, (c) 

positive control to confirm validity of colorimetric assay. 



23 
 

0 100 200 300
0

5

10

15

20

25

Calculated nitrate reduction

Ammonia generation (mg/L)
Ammonia adsorbed (mg/L)

Time (min)

Am
m

on
ia

 (m
g-

N/
L)

 

Fig 7. Nitrogen mass balance during nitrate reduction by GAC/Fe 2A. 

 
 


