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Abstract 11 

Zero-valent iron (ZVI) is widely applied for reduction of chlorohydrocarbons in water. Since the 12 

dechlorination occurs at the iron surface, marked differences in rate constants are commonly 13 

found for nanoscale and microscale ZVI. It has already been shown for trichloroethene (TCE) 14 

adsorbed to activated carbon (AC) that the dechlorination reaction is shifted to the carbon 15 

surface simply by contacting the AC with highly reactive nanoscale ZVI particles. Transfer of 16 

reactive species to the adsorbed pollutant was discussed.  17 

The present study shows that even low price and very low reactive microscale ZVI can also be 18 

utilized for an effective dechlorination process. Compared to the reaction rate at the iron 19 

surface itself, an enormous acceleration of the dechlorination rate for chlorinated ethenes was 20 

observed, reaching activity levels such as known for nanoscale ZVI. When fibrous AC is brought 21 

into direct contact with microscale ZVI the iron-surface-normalised dechlorination rate 22 

constants increased by up to four orders of magnitude. This implies that the dechlorination 23 
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reaction is fully transferred to the AC surface. At the same time, the anaerobic corrosion of the 24 

same material was not substantially affected. Thus, the utilization of iron’s reduction 25 

equivalents towards dechlorination (dechlorination efficiency) can be considerably enhanced. A 26 

screening with various AC types showed that the extent of rate acceleration depends strongly 27 

on the surface chemistry of the AC. By means of temperature-programmed desorption, it could 28 

be shown that concentration and type of oxygen surface groups determine the redox-mediation 29 

properties. Quinone/hydroquinone groups were identified as being the main drivers for 30 

electron-transfer processes, but to some extent other redox-active groups such as chromene 31 

and pyrone can also act as redox mediators. AC overall plays the role of a catalyst rather than a 32 

reactant. The present study derives recommendations for practical application of the findings in 33 

water-treatment approaches. 34 

 35 

Keywords: dechlorination in the adsorbed state, zerovalent iron, activated carbon, redox 36 

mediator  37 

 38 

1. Introduction  39 

In the last 20 years, application of ZVI has become the method of choice for in-situ and on-site 40 

reduction of chlorinated hydrocarbons in aquifers [1,2]. Microscale ZVI (mZVI) and granular iron 41 

filings have found application in classical permeable reactive barriers, whereas the more 42 

reactive injectable, but cost-intensive, nanoscale ZVI has gained attention in research and field 43 

application for in-situ installation of reaction zones [3]. However, one remaining restriction for 44 
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all pristine iron particles is the low affinity of hydrophobic contaminants to the metal surface, 45 

which limits the performance of remediation, particularly at low contaminant concentrations 46 

[4–8]. One way to overcome this issue is the combination of ZVI with sorption-active carriers, 47 

such as activated carbon (AC), forming composite materials [9–18] which allow the sorptive 48 

enrichment of organic pollutants in the vicinity of the reactive iron centres, and therefore lead 49 

to a more efficient iron utilisation for the target reaction [13]. It is noteworthy that the 50 

contaminant degradation in such composites takes place even though the reactive metal 51 

surface and the adsorption site for contaminants are spatially separated [14]. Recent studies 52 

showed that even in systems with separated AC and nanoscale ZVI particles, which only collide 53 

from time to time in an agitated aqueous slurry, a degradation of chlorinated ethenes takes 54 

place [19,20]. This raises two questions: (i) how does the transfer of reactive species from their 55 

site of origin to the site of contaminant degradation occur, and (ii) what is the role of the 56 

carbonaceous sorbent surface.  57 

Generally, carbon materials are known to take an active part in chemical reactions by allowing 58 

electron transfer and possibly also hydrogen spill-over [19–22]. It has been found that reaction 59 

rates of reductive transformations can be increased, e.g. the reduction of nitroaromatics in the 60 

presence of sulfide [23–26] or ZVI [22,27] as reductants. AC is also able to enhance the 61 

hydrolysis of 1,1,2,2-tetrachloroethane [28,29] or γ-hexachlorocyclohexane [30]. Furthermore, 62 

the microbial degradation of organic contaminants can be mediated and accelerated in the 63 

presence of AC [31–33]. Thereby, structural elements, e.g. defect sites of graphitic hexagonal 64 

crystallites, unsaturated valences at break lines and edges, and the presence of heteroatoms or 65 

different functional groups are discussed and presumed to play a decisive role [21]. However, it 66 
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was also found that carbonaceous materials have the potential to inhibit chemical reactions at 67 

iron metal [5,8]. Graphitic structures at the surface of cast-iron particles can lead to non-68 

reactive sorption. Consequently, the combination of carbonaceous materials with ZVI offers on 69 

the one hand the chance for efficient contaminant degradation but on the other hand can also 70 

increase the risk of contaminant protection.  71 

The objective of the present study is a closer examination of the mZVI-based dechlorination of 72 

typical groundwater contaminants, such as trichloroethene (TCE) and tetrachloroethene (PCE) in 73 

the presence of AC with regard to economic optimization. mZVI was chosen for the study 74 

instead of nanoscale ZVI as there is a strong gap between the low price on the one hand and the 75 

insufficient reactivity towards pollutants on the other hand, due to its low specific surface area 76 

(about 0.1-1 m2 g-1). If this gap could be reduced, the attractiveness of mZVI for practical 77 

application in any water treatment approach would be much higher. The present study will 78 

examine the combination of AC and mZVI in batch experiments, where various types of AC 79 

textiles will be applied in tight contact with mZVI particles in order to ensure a physical contact 80 

between the two materials. The role of the textile AC materials for their abilities to influence the 81 

dechlorination reaction will be discussed and brought into relation to their surface structural 82 

properties with the main emphasis put on oxygen-containing functional groups. In addition, the 83 

iron consumption by dechlorination and by the competing anaerobic corrosion, i.e. the 84 

progressive loss of reduction equivalents due to the reaction of iron with water, will support the 85 

discussion.    86 

 87 

 88 
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2. Experimental section 89 

2.1.  Materials 90 

High-purity carbonyl-based mZVI particles (dp ≈ 10 µm, ABET ≈ 0.2 m² g-1, xFe(0) ≥ 99 wt-%), 91 

NaHCO3 (analytical grade) and HNO3 (65 %) were purchased from Merck, Germany. AC textiles 92 

were obtained from Actitex, France. The fibrous AC materials are manufactured from synthetic 93 

viscose substrates and processed as cloth and felts. Their physical and chemical properties are 94 

listed in Table 1. Ultrapure water (Millipore Simplicity 185, 18.2 MΩ cm) was used for the 95 

preparation of the reaction media of all batch experiments. PCE (99 %) and TCE (99 %) were 96 

obtained from Sigma Aldrich, Germany, and directly used without further purification. Methanol 97 

(99.7 %) was obtained from Chemsolute, Germany.   98 

 99 

Table 1: Physical and chemical properties of studied AC textiles. 100 
 101 

Sample 
Layer 

thickness 

Weight per 
layer 

surface 

BET surface 
area* 

Total pore 
volume* 

Mean pore 
diameter* 

pH at point 
of zero 
charge 

 [mm] [g m-2] [m2 g-1] [cm3 g-1] [nm]  

FC 10 3 260 1400 0.7 1.9 6.6 

FC 15 2 110 1400 0.7 1.9 7.3 

FC 12 2.5 140 1100 0.5 1.7 4.6 

WKL 20 0.4 100 1100 0.5 1.9 5.9 

RS 13 0.5 220 1000 0.5 1.8 7.2 

VS 19 0.6 145 2100 1.0 1.8 7.3 

* derived from Brunauer-Emmett-Teller (BET) adsorption/desorption isotherms (N2 at 77 K) 102 

 103 
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2.2.  Analytical methods 104 

The quantitative analysis of chlorine-free C2-products (acetylene, ethylene and ethane) and the 105 

semi-quantitative analysis of C3- and C4-coupling products were performed by means of 106 

headspace sampling and GC-FID analysis (GC-2010 plus, Shimadzu Corp. equipped with a GS-Q 107 

Plot column from Agilent). The analysis of chloride generated during dechlorination was 108 

performed by means of ion chromatography (IC 25, Dionex equipped with an 109 

IonPacAS15/AG15). The concentrations of the halogenated substances PCE, TCE, 110 

dichloroethenes (DCEs) and vinyl chloride (VC) were monitored during the batch experiments by 111 

means of headspace sampling and GC-MS analysis (GC-MS-QP2010, Shimadzu, equipped with a 112 

HP5 capillary column) taking into account the underlying distribution and sorption equilibria. In 113 

order to analyse the chlorinated ethenes, which were adsorbed at the textile AC, solvent 114 

extraction using a hexane-propanol mixture (1 : 1, 16 h) with toluene as internal standard was 115 

performed, followed by GC-MS analysis of the extracts.  116 

The anaerobic corrosion of mZVI according to the equation Fe0 + 2 H2O  Fe2+ + H2 + 2 OH- was 117 

monitored by measuring the hydrogen concentration in the headspace volume over suspended 118 

particles (with methane as internal standard, allowing extension of the headspace in order to 119 

avoid overpressure) using a GC-TCD (HP6850, HP PLOT column).  120 

Temperature-programmed desorption (TPD) of AC samples was performed using a BELCAT-B 121 

chemisorption analyser (BEL Japan, Osaka) connected with a mass spectrometer (MKS Cirrus 2). 122 

Released gases such as carbon monoxide and dioxide (CO and CO2) were transferred via a 123 

direct-coupling capillary and measured by analysis of their MS signal. The samples were first 124 
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pre-treated at 150 °C for 30 min in an argon atmosphere. They were then heated up from 125 

150 °C to 1100 °C in a helium flow (50 mL min-1) with a heating rate of 10 K min-1.  126 

The point of zero charge (PZC) of the textile AC samples was determined according to Babic 127 

et al. by means of the immersion method. [34].  128 

 129 

2.3.  Dechlorination studies 130 

The dechlorination experiments with mZVI alone and mZVI in combination with textile AC were 131 

performed according to the following procedure: 50 mL of a 5 mM NaHCO3 solution (pH  8.5) 132 

was added to a 120 mL crimped serum bottle and purged with argon. A defined amount of mZVI 133 

was placed inside a hand-sewed pouch of textile AC, which was closed and added to the bottle 134 

(Figure 1). The pouch varied in its size depending on the applied mass of AC and ranged 135 

between 1-3 cm² cross-section areas. In all cases, a tight physical contact between the iron 136 

particles and the AC felt was ensured. After further purging with argon, the bottles were closed 137 

airtight using aluminium crimp caps with PTFE-lined septa and treated for 10 min in an 138 

ultrasonic bath. A defined volume of methane was added as internal standard.  139 

 140 

Figure 1: Scheme of the experimental arrangement  141 

 142 
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The reaction was started by injecting a methanolic stock solution of PCE or TCE. The bottles 143 

were continuously shaken at room temperature on a horizontal shaker at 90 rpm. The agitation 144 

intensity effected a fast mixing of the aqueous phase around the suspended mZVI particles or 145 

the AC pouches, whereas the mZVI bed inside the pouches remained largely unaffected 146 

(‘static’). In order to test the longevity of the catalytic activity of the AC felt FC 10, the batch was 147 

prepared as described above, whereby the mZVI-filled AC pouch was pre-conditioned in the 148 

argon-purged 5 mM NaHCO3 solution for three days before TCE was added. After one week of 149 

reaction time, the bottle was purged with argon and fresh TCE was re-spiked. This procedure 150 

was repeated three times.  151 

 152 

2.4.  Pre-treatment of the carbon felt FC 10  153 

A sample of the AC felt FC 10 (3 g L-1) was pre-treated with mZVI (60 g L-1) for four days in argon-154 

purged 5 mM NaHCO3 aqueous suspension. In order to achieve this, iron particles were placed 155 

in a closed AC pouch and slightly shaken as described above. After this conditioning time, the 156 

iron particles were removed from the carbon felt and several washing steps with argon-purged, 157 

deionised water were performed. The treated AC sample was dried for 45 min at 105 °C under 158 

nitrogen atmosphere and analysed by means of TPD analysis.  159 

Furthermore, the surface of the AC felt FC 10 was modified in two ways: (i) by wet oxidation 160 

using nitric acid. 1 g of AC was oxidised with 100 mL 5 M HNO3 under reflux at 90 °C for 24 h. 161 

Subsequently, the felt was washed several times with deionised water and dried at 110 °C 162 

overnight. (ii) The AC felt FC 10 was heated up to 1100 °C under an inert He-atmosphere and re-163 
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exposed to air after cooling. Thereby most of the functional surface groups were removed, 164 

however, the re-formation of a small amount of new O-functionalised groups was possible [35]. 165 

 166 

3. Results and discussion 167 

3.1.  Dechlorination of TCE and PCE by mZVI  168 

TCE and PCE were chosen as typical groundwater contaminants for which adsorption to AC is 169 

one of the treatment options but which are also subject to chemical reduction by metallic iron 170 

in aqueous media. Both substances show very similar dechlorination behaviour with iron and 171 

are therefore chosen comparably in this study. Dechlorination of both substances with mZVI 172 

was examined in benchmark experiments. The mZVI under study is a very slow-reacting, high-173 

purity iron which was chosen in order to avoid any effects of trace-level catalytically active 174 

metals and carbon impurities. Pre-treatment of mZVI by washing with diluted acids appeared to 175 

have no marked influence on either dechlorination or corrosion rates and thus was omitted. In 176 

duplicate tests, the dechlorination kinetics for TCE and PCE were monitored by means of 177 

chlorine-free C2-hydrocarbons and chloride analysis over a time period of 400 h. For both model 178 

contaminants, ethylene and ethane formation was prevalent, whereas acetylene was found only 179 

in traces with pure iron as reductant. Partially chlorinated products were formed only in trace 180 

amounts, and are not discussed further here. First-order rate constants (kobs) for dechlorination 181 

with iron were calculated from the disappearance of chloroethenes and the appearance of 182 

products. For TCE and PCE dechlorination, kobs,TCE = 2.6 · 10-4 h-1 and kobs,PCE = 2.0 · 10-4 h-1, 183 

respectively, were found (reaction conditions applied: c0,TCE = 20 mg L-1 or c0,PCE = 25 mg L-1, cmZVI 184 

= 400 g L-1, 5 mM NaHCO3, pHstart = 8.4). The reaction selectivity towards the sum of ethylene 185 
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and ethane formation was roughly constant over the duration of the experiments (nethylene : 186 

nethane ≈ 1 : 1). The yields of C2-hydrocarbons during the reaction were similar: 62 % and 56 % for 187 

TCE and PCE, respectively. As commonly performed, the iron-surface normalised (second order) 188 

rate constants (kSA) were calculated as the descriptor for the dechlorination activity of ZVI. The 189 

obtained values kSA,TCE = 3.25 · 10-6 L m-2 h-1 and kSA,PCE = 2.5 · 10-6 L m-2 h-1 are in the lower range 190 

of kSA values cited in the literature for various iron materials, but are in the same order of 191 

magnitude as known for other iron samples of high purity grade [36–38] .  192 

 193 

3.2.  PCE dechlorination in the mZVI+AC system - test of various textile AC types 194 

In contrast to the experiments described in the literature, where AC particles and nanoscale ZVI 195 

were brought into loose non-continuous contact [19,20], the textile AC pouches used in the 196 

present study allow continuous physical contact between the enclosed mZVI and the AC. The 197 

entire system was slightly shaken in order to ensure mass transport and to avoid stationary 198 

hydrogen bubbles at the AC pouches. Thus, transport of reactive species is facilitated from the 199 

surface of the iron particles to the target compound, which is predominantly located at the 200 

internal AC surface [19,20]. After the addition of PCE to the reaction vessel, the major part of 201 

the contaminant was rapidly adsorbed by the textile AC. Within 24 h, an equilibrium state was 202 

approached with an adsorbed fraction of > 99.9 %, such that the share of the reaction of freely 203 

dissolved PCE with the iron particles can be considered negligible. In order to exclude any 204 

influence of different specific surface areas of the AC textiles on the dechlorination, the offered 205 

carbon surface area concentration was kept constant for all batches (cSA,AC = 1800 m² L-1), thus 206 

the textile sheet size was adjusted accordingly. The dechlorination progress was monitored by 207 
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means of headspace analysis of chlorine-free C2-products, which were, in contrast to the 208 

chlorinated educts, not significantly affected by sorption to the AC surface.   209 

Results for PCE degradation in the mZVI+AC system are shown in Figure 2. Although significantly 210 

lower amounts of mZVI were applied in the AC pouches (cmZVI = 7 g L-1) compared to the 211 

benchmark experiment without AC (cmZVI = 400 g L-1), an accelerated dechlorination of PCE was 212 

observed in the presence of four out of the six investigated AC textile samples. The 213 

corresponding PCE conversion with the low iron concentration (cmZVI = 7 g L-1) in absence of AC 214 

(not shown in Figure 2) amounted to only 0.1 % after 400 h. 215 

 216 

Figure 2:  Kinetics of the PCE dechlorination in the presence of mZVI and various activated 217 

carbon textiles (c0,PCE,total = 12.5 mg L-1, cmZVI = 7 g L-1, cAC = 1-2 g L-1, cNaHCO3 = 5 mM, 218 

pHstart = 8.4). The error bar represents the mean deviation of single values from the 219 

mean value with n = 3 to 5.  220 

 221 
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This result is markedly different from published data regarding particle-particle contact between 222 

nanoscale ZVI and AC [19,20], where the AC did decrease the TCE reaction rate. AC can be seen 223 

as an adsorption sink for the TCE, which thus is withdrawn from the reactive nanoiron surface. 224 

Nevertheless, the authors could show that the dechlorination reaction occurred predominantly 225 

at the AC surface. The transfer of reactive species from the iron to the AC surface was, however, 226 

slower than the TCE reduction at the bare metal. Differing from these literature findings, in the 227 

present study slowly reacting metal particles were applied. We experience for some AC types a 228 

strong acceleration of the dechlorination reaction in the mixed particle suspension compared 229 

with the bare metal suspension without AC. Presence of other AC types (e.g. RS 13, VS 19 in Fig. 230 

2) showed only a minor effect. This emphasizes the role of the AC type for the performance of 231 

the ZVI+AC system.  232 

In all cases the product selectivity for mZVI+AC was similar and was characterised by a prevailing 233 

acetylene formation. Typically, at PCE conversion degrees of about 10 % the C2 products consist 234 

of 80 % acetylene, 14 % ethylene and 6 % ethane (primary product selectivities). It has to be 235 

pointed out that the AC textiles WKL 20 and FC 10 supported the dechlorination to a higher 236 

extent, thus the maximum concentration of chlorine-free C2-products was already reached after 237 

50 and 200 h, respectively. The solvent extraction of these AC textiles after the reaction (t = 238 

400 h) revealed that only traces of PCE were left, indicating a nearly complete conversion of the 239 

contaminant. As generally observed for ZVI as reducing agent of chloroethenes, also the present 240 

study showed product selectivities toward chlorine-free C2-hydrocarbons of less than 100 %. We 241 

found a maximum of 65 % of the PCE taking this reaction pathway while 100 % C-Cl bond-242 

breaking was observed (full conversion to chloride). That points to parallel reaction pathways 243 
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forming higher-molecular-weight dechlorinated products [49]. However, since the percentage 244 

of the headspace-observable formation to C2 hydrocarbons varies only slightly, this reaction 245 

pathway is mostly used here for comparison of the various mZVI+AC systems.  246 

The course of the chlorine-free C2-product formation in the presence of mZVI in contact with 247 

the AC felt FC 10 followed a pseudo-first-order kinetics yielding kobs,PCE = 1.7 · 10-2 h-1, which 248 

corresponds formally to an iron-surface-normalised rate constant of kSA,PCE = 1.2 · 10-2 L m-2 h-1. 249 

This is a factor of 5000 faster than observed for the same mZVI in the absence of AC. For the AC 250 

cloth WKL 20, the acceleration effect is even higher by about one order of magnitude (i.e. a 251 

factor of 50,000). On the other hand, in the presence of the woven textile AC types RS 13 and 252 

VS 19, almost no PCE dechlorination activity was detected.  253 

This raises the questions of how the large differences in the chemical activities of these AC 254 

textiles in the dechlorination reaction can be explained, and what the mechanism of the 255 

interplay between ZVI and AC is. It can be assumed that a multitude of properties of the AC play 256 

a role, whereby only a selection is discussed in the present study. The general ‘physical’ 257 

characterisation of the carbon types (see Table 1), including PZC and porosity parameters, did 258 

not reveal significant differences in properties which could be responsible for the different 259 

chemical behaviour of the AC textiles. Furthermore, the texture showed overlaps which would 260 

not explain the differences in chemical reaction behaviour. When we assume that the reaction 261 

site is shifted from the ZVI surface to the AC surface, the chemical composition of the AC surface 262 

is more likely to be of importance, e.g. the presence of various oxygen-containing functional 263 

groups [21]. Some of them are known to take an active part in chemical reactions, e.g. as redox 264 

mediators [21,26]. In order to obtain information about quantity and quality of these groups at 265 
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the surface of the various AC textiles, TPD analyses were performed. TPD has been used by 266 

several working groups to not only (indirectly) identify but also to quantify the various surface 267 

groups in carbon materials by release of carbon oxides at specific temperature ranges. The 268 

method has been applied in order to prove chemical changes in surface properties and to 269 

correlate chemical and catalytic properties of oxidized activated carbon [39-42].  270 

The derived oxygen contents of the analysed carbon samples are shown in Table 2. The high 271 

oxygen contents of the two samples FC 10 and WKL 20 correlate with their high chemical 272 

activity in the ZVI-driven dechlorination experiments. In addition to the amount of the oxygen-273 

containing functional groups, their type is expected to be relevant for participation in redox 274 

reactions. The functional groups present on the AC surface can be derived from the position of 275 

CO and CO2 peaks in temperature-resolved TPD profiles ( 276 

Figure 3). 277 

 278 

Table 2: Oxygen content of activated carbon textiles (derived from TPD analysis). 279 

 Oxygen content  
[wt-%] 

FC 10 15.9 

FC 15 3.9 

FC 12 3.0 

WKL 20 13.7 

RS 13 5.2 

VS 19 2.5 

 280 

 281 
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282 
  283 

Figure 3:  TPD profiles of activated-carbon textiles under study (heating rate 10 K min-1). The 284 

dashed lines represent the release of CO2, while the solid lines show CO elimination.  285 

 286 

 287 

The release of CO2 at about 500 K can be assigned to the decomposition of carboxylic groups. It 288 

occurred for all AC samples but to different extents. A correlation between the chemical activity 289 

of the AC types and the CO2 release was not found. Another typical TPD peak at 1100 to 1200 K 290 

was also observed for all carbon types. It can be assigned to the destruction of carbonyl groups 291 

[39]. Also here, no correlation with the chemical activities is obvious. However, a marked 292 

difference between the carbon samples was observed for the release of CO apparent as a 293 

shoulder peak at about 1000 K (arrow), indicating phenolic groups [39]. The phenolic groups 294 

seem to be especially pronounced for the FC 10 and WKL 20 samples, but less notable for FC 12, 295 

FC 15, VS 19 and RS 13. This finding leads to the hypothesis that functional structures with 296 
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phenolic groups at the carbon surface are involved in the iron-driven dechlorination. It is 297 

postulated that a special representative of phenolic groups, the hydroquinone group, acts 298 

together with its oxidised quinone form as redox mediator, as is known from literature data for 299 

other reduction processes [26,31,32]. In order to obtain further information about the 300 

corresponding reaction mechanisms and the involvement of oxygen-containing functional 301 

groups, the AC felt FC 10 was chosen for further investigation.  302 

 303 

3.3. Study of the mZVI+FC 10 system 304 

 305 

3.3.1. TCE dechlorination with mZVI+FC 10 306 

Figure 4 shows results from a typical experiment with mZVI packed in pouches made of the AC 307 

felt FC 10 for TCE degradation, whereby educt degradation and formation of all intermediates 308 

and final products was monitored over more than five days. PCE and TCE react in a similar way, 309 

but TCE was chose for this study in order to avoid overlaps in DCE and VC product formation.  310 

The release of > 96 % of the theoretically expected chloride amount after 140 h indicates an 311 

almost complete degradation of the contaminant. Compared to the benchmark experiment 312 

without AC at cmZVI = 400 g L-1, in which roughly 4 % of the TCE was dechlorinated by mZVI alone, 313 

an approximately 13-fold lower concentration of mZVI in the presence of AC leads to complete 314 

TCE reduction within the same time period. After 140 h reaction time, TCE was converted to 315 

62 % acetylene, 13 % ethene, 5 % ethane, > 7 % C3- and C4-coupling products and 2 % VC (all 316 

data as mol-%). The detected products cover  90 % of the TCE C-balance. A balance gap 317 

remained. Further coupling products were probably formed as known for reactions at Fe 318 
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surfaces [52] but not detected by headspace analysis. A final solvent extraction of the AC might 319 

deliver more information, but was not performed in this study because the main message of the 320 

present study is not affected.  321 

  322 

Figure 4:  Kinetics of TCE dechlorination in the presence of mZVI and the activated carbon felt 323 

FC 10 (c0,TCE,total = 20 mg L-1, cFC10 = 3.4 g L-1, cmZVI = 30 g L-1, cNaHCO3 = 5 mM, pHstart = 324 

8.4). 325 

 326 

 327 

One of the plausible reaction pathways is a stepwise dechlorination, since DCEs (max. 10 %) and 328 

VC (max. 2.5 %) were detected as intermediates. They undergo further dechlorination and are 329 

therefore not regarded as dead-end products here. The appearance of partially dechlorinated 330 

intermediates and the dominance of acetylene as final product are indicators for a limitation of 331 

active hydrogen as reactive species [20]. In a former study, Kopinke et al. conducted an 332 

experiment using a carbon cathode for TCE reduction, which predominantly transferred 333 

electrons but no hydrogen species to AC-adsorbed TCE  [19]. These conditions led to a similar 334 

product spectrum as found in this study for the mZVI+FC 10 system. However, when TCE was 335 
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degraded in the presence of freely suspended nanoscale ZVI and AC particles, the product 336 

spectrum was comparable to those found in systems containing exclusively nanoscale ZVI, 337 

indicating the participation of both electrons and active hydrogen in the dechlorination process. 338 

In the present study, a limitation in the availability of nascent hydrogen (H*) might occur during 339 

the fast dehalogenation, since the available iron surface was substantially smaller than in the 340 

study of Kopinke et al. [19]. Increase of ZVI-to-AC ratio leads to a higher hydrogenation degree. 341 

In addition to the availability of reactive species, the nature of attachment of chlorinated 342 

ethenes to the different material surfaces could also be responsible for any differences in the 343 

product spectrum. While TCE is chemisorbed to the iron surface, forming pi- and di-sigma-bonds 344 

[43], the interaction of the chlorinated ethenes to the AC is dominated by physisorption [44].  345 

The reaction of TCE in the mZVI+FC 10 system is characterised by a lag phase during the first ten 346 

hours, showing a lower dechlorination rate. This phenomenon was not observed for mZVI alone. 347 

Hence, a conditioning of the AC surface is a more likely process than an activation of the iron 348 

surface. This raises the question of how the AC surface is modified during this initial reaction 349 

phase. In order to explain this phenomenon, the carbon felt FC 10 was pre-treated with mZVI in 350 

aqueous suspension and then analysed again by means of TPD. The resulting TPD profile is 351 

shown in Figure 7A. It clearly reveals the formation of additional groups releasing CO at about 352 

1050 K, which can be ascribed to phenolic groups [39]. At the same time, a decrease of CO-353 

releasing groups between 1100 and 1200 K was observed, which can be interpreted as a decline 354 

of carbonyl groups [39]. Based on these observations it can be assumed that during the contact 355 

time between mZVI and AC felt in aqueous environment, reduction of quinones to 356 

hydroquinone groups may occur at the AC surface, and that the hydroquinone groups in turn 357 
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are able to take part in reductive dechlorination of the adsorbed chloroethenes. The redox-358 

mediating properties of quinone derivatives in various reactions have been described in the 359 

literature [45,46]. In addition, AC-surface-bound quinoid groups are able to support redox 360 

reactions, as has been described not only for microbial processes [31,32], but also for the 361 

chemical reduction of nitroaromatics with sulfide [26] and the reduction of congo red [47].  362 

 363 

3.3.2. Dependence of dechlorination rates on ZVI concentration 364 

When pure ZVI reacts with TCE in aqueous suspensions, the observed first-order rate coefficient 365 

kobs strictly depends on the applied ZVI concentration. The second-order surface-normalized 366 

dechlorination kinetics is more-or-less a material property. A completely different picture is 367 

obtained when ZVI is embedded in AC, forming a new composite material (such as Carbo-Iron), 368 

with kobs remaining roughly constant within a wide range of composite concentration [13]. In 369 

the present study, various amounts of mZVI were embedded into pouches of the AC felt FC 10 370 

and the resulting kobs were compared. Figure 5 shows the formation of C2-hydrocarbons over 371 

time (A) and the corresponding first-order kinetics plots (B).  372 

For all batch tests, a lag phase (discussed in 3.3.1) was observed at the beginning of the 373 

reaction: it lasted up to about 30 hours and decreased with increasing iron concentration. After 374 

the lag phase, the product formation followed first-order kinetics, as the resulting linear plots in 375 

semi-logarithmic coordinates show. The various slopes of the regression lines, thus the 376 

observed dechlorination rate coefficients kobs, were in the range of 0.037 h-1 to 0.047 h-1 for all 377 

applied ZVI concentrations from 10 to 90 g L-1.  378 

 379 
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 380 

Figure 5:  Kinetics of TCE reduction with various amounts of mZVI embedded into AC-felt 381 

pouches. (c0,TCE,total = 20 mg L-1, cFe(0) = 10 to 90 g L-1, AC: FC 10, cFC 10 = 3.4 g L-1, cNaHCO3 382 

= 5 mM, pHstart = 8.4). 383 

 384 

 385 

This means that the observed TCE dechlorination rates did not depend on the applied iron 386 

concentrations under the applied conditions. This can be explained by the fact that the reaction 387 

takes place at the carbon surface, where the supply of reactive species (most likely electrons) 388 

from the iron particles is not rate-limiting above a certain contact level between ZVI and fibrous 389 

AC.  390 
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The phenomenon appears similar to dechlorination kinetics with Carbo-Iron, where the reaction 391 

rate was also observed to be largely independent of its concentration [13]. However, the 392 

mechanistic background may be different in the two systems. As discussed already for Carbo-393 

Iron, the different reaction kinetics make a direct comparison of second-order rate coefficients 394 

between carbon-containing and carbon-free ZVI-based systems difficult [13]. 395 

While for the activity of different ZVI types the surface-related rate constant kSA is used as 396 

general descriptor, for ZVI+AC systems this parameter varies with iron concentration (or in case 397 

of Carbo-Iron with iron loading). Characterisation of the performance of ZVI+AC systems by 398 

means of the observed rate constant kobs is possibly more conclusive. A value of kobs = 0.04 h-1 399 

for the mZVI+AC lies in the same order of magnitude is known for nanoscale ZVI as reductant. 400 

This is especially remarkable since the mZVI sample applied is otherwise a very slow reductant. 401 

However, it is common practice for ZVI users to compare iron performances on a per-mass or 402 

per-surface basis. Therefore, kSA values were also used here to evaluate the degradation of TCE 403 

in the different systems as kSA,ZVI-AC/kSA,ZVI formally. The experimental data in this study revealed 404 

that bringing mZVI in contact with the AC felt FC 10 results in an immense improvement in 405 

reaction rates, by three to four orders of magnitude (kSA,mZVI/AC/kSA,mZVI ≈ 1000 to 5000).  406 

The obvious difference between the two dechlorination systems is the presumed reaction site. 407 

At pristine mZVI, only the iron surface (more precisely its surface oxide layer) can act as 408 

attachment and reaction site, whereas in the mZVI+AC system the dechlorination takes place at 409 

the carbon surface, which offers a much higher surface area with a (tuneable) number of 410 

reactive centres and probably also a different attachment mechanism than that at mZVI 411 

surfaces. Almost 100 % of the educt TCE is in the adsorbed (reactive) state in the AC-containing 412 
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systems studied here, whereas >99 % are in the dissolved (nonreactive) state in pure mZVI 413 

suspensions. 414 

 415 

3.3.3. Influence of surface modification of the AC sample FC 10 on the dechlorination rate 416 

Table 2 and  417 

Figure 3 indicate that the oxygen content and the type of surface functional groups determine 418 

the reaction rate and therefore the transfer of reduction equivalents towards the contaminants. 419 

Modification of the AC surface should provide more insight into the participation of functional 420 

groups in the dechlorination reaction. In this case, the degradation of PCE was examined. Wet 421 

oxidation of AC surfaces with nitric acid or hydrogen peroxide is often used to introduce oxygen-422 

functional groups. The method using nitric acid was applied here in order to modify the AC felt 423 

FC 10 by wet oxidation. As described in the literature [48-50] and as revealed by the TPD 424 

analyses (Figure 7B), nitric acid caused not only a strong increase of acid groups, e.g. carboxylic 425 

or phenolic groups, but also a decrease of more thermally stable carbonyl groups, e.g. ketones 426 

or redox-active quinones [39]. In the batch experiment with the same amount of mZVI (not 427 

shown here), about a ten-fold lower dechlorination rate was found for PCE degradation than for 428 

the untreated AC felt. This conforms to our hypothesis that quinoid structures are essential by 429 

supporting the dechlorination in Fe+AC systems.  430 

When AC is thermally treated above 1100 °C under inert atmosphere, most of the O-functional 431 

groups are split off as CO and CO2. The thermal treatment in inert atmosphere (He) above 432 

1100 °C was therefore used to modify the AC surface so as to remove the O-functional groups 433 

such that its dechlorination performance could be compared with untreated AC. The kinetics of 434 
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the PCE degradation (as formation of fully dechlorinated C2-hydrocarbons) before and after the 435 

modification are shown in Figure 6.  436 

 437 

  438 

Figure 6:  Kinetics of PCE degradation in the presence of mZVI and AC FC 10 before and after 439 

thermal surface modification (c0,PCE,total = 25 mg L-1, cFC10 = 1.8 g L-1, cZVI = 20 g L-1, 440 

cNaHCO3 = 5 mM, pHstart = 8.4). 441 
 442 

 443 

Surprisingly, the heat-treated sample shows a high reactivity for PCE dechlorination and no 444 

pronounced lag phase. This is the opposite of what we expected for an oxygen depleted carbon 445 

surface. The TPD profile of the heat-treated FC 10 sample, shown in Figure 7C, reveals a CO peak 446 

between 1000 and 1200 K. This can be tentatively assigned to relatively stable carbonyl or ether 447 

groups, e.g. chromene or pyrone, which are formed when the AC is re-exposed to air after the 448 

thermal treatment [35]. Since the modified carbon felt does not show the typical lag phase, 449 

hydroquinones are not likely in this case as the redox mediator. Thus, other redox-active groups 450 

may be involved. We hypothesize that pyrone and/or chromene groups at the AC surface can 451 

also mediate the electron transfer from ZVI to chlorinated adsorbates [35,51].  452 
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 453 

 454 

Figure 7:  TPD profiles of the activated carbon FC 10 after various treatments (heating rate 455 

10 K min-1). A) 3 g L-1 FC 10 conditioned with 60 g L-1 mZVI for 5 days in aqueous 456 

environment, B) oxidised with HNO3 and C) after thermal treatment and re-exposure 457 

to air. 458 
 459 

 460 

3.3.4. Catalytic nature of AC activity 461 

For an efficient utilization of the mZVI+AC system it is important to know whether the 462 

participating oxygen-containing functional groups of the AC felt can act catalytically or if they 463 

are irreversibly consumed. As shown above, it can be assumed that various surface groups are 464 

involved in the electron transfer process, whereby several observations in this study suggest 465 

that the quinone/hydroquinone redox couple plays a significant role for the unmodified felt 466 

FC 10. TPD analysis allows a semi-quantitative determination of these groups. The CO peak at 467 

about 1050 K can be assigned to phenolic species and was estimated to represent about 13 % of 468 

all CO-releasing groups (6.8 mmol g-1 AC) in the ZVI-treated sample (see Figure 7A). The 469 

participation of pyrones and chromenes plays a relatively minor role in the non-preteated felt, 470 

as TPD analysis and the typical lag phase at the beginning of the dechlorination run indicate. In 471 

order to test the catalytic activity of the AC felt FC 10, a typical batch experiment was 472 
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performed, with TCE added in excess compared to the concentration of the 473 

quinone/hydroquinone groups at the carbon surface (3.4 moles of TCE per mol of OHhydroquinone, 474 

corresponding to 10.6 moles of e-acceptor per mol of e-donator). After about 170 and 350 h 475 

reaction time, the bottles were extensively purged with argon and spiked again with the same 476 

amount of TCE. The reaction progress was monitored via headspace analysis of the chlorine-free 477 

C2-products and chloride analysis of the water phase, thus permitting the conclusion about the 478 

total TCE conversion. The results of the experiment are shown in Figure 9, where the derived 479 

turnover numbers (TON) over the monitoring period are depicted. The TON is calculated as the 480 

molar ratio of converted TCE, referred to the reactive hydroquinone centres (phenolic OH 481 

groups), taking into account a 4:1 stoichiometry. It was assumed that two molecules of 482 

hydroquinones (2 phenolic OH groups each) are necessary in order to convert one molecule of 483 

TCE into acetylene (see Figure 8). The degradation apparently followed zero-order kinetics with 484 

respect to TCE. Whereas during the first cycle a slightly higher conversion of TCE was observed 485 

within the monitoring time, it remained constant for the following two cycles. The slopes of the 486 

resulting graphs are similar for all three cycles. It is possible that oxygen-containing groups other 487 

than hydroquinones are also involved in the dechlorination reaction during the first cycle, 488 

whereby they are consumed during the reaction with TCE and not regenerated. The resulting 489 

overall TON was around 6 after 500 hours reaction time. This experiment proves the catalytic 490 

nature of the electron-transfer mediation by AC, rather than a stoichiometric consumption of 491 

AC reduction equivalents. 492 

 493 
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 494 

 Figure 8:   Assumed stoichiometry of the oxidation of hydroquinone and reduction of TCE 495 
 496 
 497 

 498 

 499 

Figure 9:  Turnover numbers (TON) of the TCE dechlorination in the mZVI/AC system 500 

(c0,TCE,total = 1.6 g L-1, cFC10 = 4.1 g L-1, cZVI = 80 g L-1, cNaHCO3 = 5 mM, pHstart = 8.4). 501 

 502 
 503 

3.3.5. Anaerobic corrosion of mZVI in the presence of the AC felt FC 10  504 

The anaerobic corrosion of ZVI is an undesired electron-consuming reaction competing with the 505 

dechlorination reaction for the iron available. In addition, the ageing process of iron leads to 506 

precipitations at the metal surface. During field application, even H2 gas formation can lead to a 507 

blockage of groundwater flow, thus by-passing the reaction zone. Dechlorination and anaerobic 508 
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corrosion often occur concurrently [52,53]. Most importantly, the corrosion rate determines the 509 

lifetime of ZVI in an aquifer, which is a crucial performance and cost parameter. This leads to 510 

the question of whether the high dechlorination activity of the mZVI+AC system is also 511 

accompanied by an increased anaerobic corrosion compared to the mZVI system. In order to 512 

elucidate the effect of AC contact for iron corrosion, the production of hydrogen gas was 513 

monitored at varying iron concentrations over a time period of 150 h and compared to the pure 514 

mZVI system. First-order rate constants kH2,obs (from dcH2/dt = kH2,obs · cmZVI) were calculated for 515 

the initial reaction phase and are presented in Figure 10Fehler! Verweisquelle konnte nicht 516 

gefunden werden..  517 

 518 

 519 

 520 

Figure 10:  Anaerobic corrosion of mZVI alone and in the mZVI+AC system (cFC10 = 3.4 g L-1, 521 

cNaHCO3 = 5 mM NaHCO3, pHstart = 8.4). The error bar represents the mean deviation 522 

of single values from the mean value with n = 3.  523 
 524 

 525 
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In the mZVI+FC10 system, the anaerobic iron corrosion is with an average of 526 

kH2,obs = (4.4 ± 0.9) · 10-6 h-1 slightly higher than in the mZVI system with an average of kH2,obs = 527 

(3.2 ± 0.6) · 10-6 h-1. However, both values are in the same range. It is likely that the ZVI+AC 528 

system acts as a local element to a small extent, as is known for cast-iron containing graphite 529 

[54]. 530 

 531 

Consequently, for the overall performance in the dechlorination of water pollutants, the 532 

combination of mZVI and AC textiles is favourable. The half-life of the investigated mZVI derived 533 

from the initial hydrogen formation rates amounts to about 23 years under the applied test 534 

conditions. As the corrosion is only increased to a minor extent by physical contact between ZVI 535 

and AC, the dechlorination efficiency (defined as ratio between dechlorination and corrosion 536 

rates) itself is markedly improved when ZVI is contacted with AC.  537 

 538 

 539 

4.  Conclusions and environmental implications 540 

In the present paper, microiron contacting textile AC sheets (as one representative of AC) was 541 

inspected on a mechanistic basis using chlorinated ethenes as reaction probe. AC contact with 542 

otherwise barely reactive microiron can drastically accelerate the iron-based degradation of 543 

chlorinated ethenes by several orders of magnitude. The anaerobic corrosion of ZVI in the 544 

presence of AC is only slightly increased compared to the ZVI system, so that overall greatly 545 

increased dechlorination efficiency is achieved. The type of AC matters and determines the 546 

extent of rate acceleration. Especially the oxygen surface groups in AC, e.g., the 547 
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quinone/hydroquinone couple, were recognised as one of the main drivers for the redox-548 

mediating activity, whereby AC plays the role of a catalyst rather than a reactant. Iron “reloads” 549 

the redox sites at the surface.  550 

Consequently, the combination represents a method which is easy to apply and which helps to 551 

better exploit the reduction capacity of metallic iron. We understand the manuscript as 552 

supporting the possibility for end users to apply low-cost microiron or filings in order to reach 553 

reactivities close to that of nanoiron, e.g. in on-site treatment plants. However, irrespective of 554 

the application field, in-situ or on-site, a ZVI-based reaction zone can then be designed in such a 555 

way that the residence time of the pollutant is sufficiently long to complete degradation. The 556 

right choice of carbonaceous materials and its combination with ZVI largely increases the 557 

retention time of organic contaminants compared with pure iron barriers / fixed beds. This 558 

makes reactive zones or engineered reactors much smaller.  559 
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