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ab s t r ac t
Starting with sucrose and ferrous chloride, nanoparticles of iron encapsulated in carbon structure 
were synthesized using a carbothermal method. The effects of carbothermal temperature, treatment 
time, Fe:sucrose mass ratio on the properties of the nanoscale zero-valent iron supported activated car-
bon were investigated. Temperatures ranged from 500°C to 1,100°C and treatment time used was 0.5, 
1 and 3 h. Mass ratios of Fe and sucrose were 1:2, 1:4 and 1:8, respectively. Materials thus obtained were 
mostly powdered. X-ray diffraction patterns indicate that zero-valent iron was successfully produced 
from reduction of iron oxides. Iron was incorporated into the carbon structure. Hexachlorobenzene 
was employed as the target substance to test the material’s application. The optimum synthesis condi-
tion which resulted in a more than 95% HCB removal was carbothermal temperature of 700°C, treat-
ment time of 1 h and mass ratio of Fe:sucrose of 1:4.
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1. Introduction

Nano zero-valent iron (nZVI) can effectively degrade a 
wide range of persistent organic and inorganic pollutants, 
such as chlorinated organic compounds [1,2], heavy metals 
[3,4] and organic dyes [5] in aqueous streams. Compared 
with commercial iron powder, nZVI material is renowned 
for its large surface area and high reactivity. However, due 
to high surface energy and intrinsic magnetic interaction, 
bare nZVI tends to aggregate into microscale particles [6]. 
This agglomeration phenomenon is oftentimes the main rea-
son of reduced efficiency and poor catalytic performance by 
nZVI [7]. To address this issue, attempts have been made to 
disperse nZVI particles on porous materials such as resin 
[8], kaolinite [9], bentonite [10], chitosan [11] and activated 

carbon [12]. Among them, the combination of nZVI and acti-
vated carbon showed remarkable advantages. Mackenzie 
et al. [13] observed that activated carbon provided the matrix 
for controlled deposition of nZVI, thus nZVI showed much 
less agglomeration and controllable transport properties. 
Additionally, activated carbon’s hydrophobic nature led to 
concentration of groundwater pollutants in the vicinity of 
the reactive iron surface [14]. This is especially beneficial for 
removal of hydrophobic organics.

The synthesis of nZVI supported on a carbon carrier 
by means of reduction of ferrous or ferric has been carried 
out in various ways. Most was prepared by a liquid-phase 
reduction method using salt of borohydride as the reducing 
agent [15–17]. However, high cost of borohydride and the 
production of large volume of hydrogen gas made such a 
process complex and cost-intensive, impeding the scale-up 
of the process [18]. Carbothermal synthesis of nZVI, as 
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an alternative method, takes advantage of carbon itself to 
reduce iron oxides into zero-valent iron and meanwhile pro-
vides a hydrophobic carbon support for the Fe0 nanoparti-
cles. Zhan et al. [19] employed an aerosol-based process and 
a subsequent carbothermal reduction to produce spherical 
carbon-iron nanocomposite. The apparent reaction rate in the 
dechlorination of TCE by the carbon-iron composite reached 
9.2/h at 0.1 wt% Pd/Fe-C ratio where palladium served as a 
catalyst. Also, part of the carbon was reacted away as CO and 
CO2 and a high porosity in iron-carbon composites was intro-
duced allowing the entry of contaminants to reactive sites. 
The whole process was endothermic and gave only gaseous 
by-products, so it was potentially scalable to large reactors 
and continuous processing. 

However, the synthesis of activated carbon-zero valent 
iron composite through carbothermal method is complex and 
the physical and chemical properties of the particles are easily 
influenced by synthesis conditions. Zhang et al. [20] reported 
that size and shape of the products were sensitive to treat-
ment temperature and reaction time. Suman and Orlandi [21] 
studied the influence of processing parameters on nanomate-
rials synthesis efficiency by a carbothermal reduction process. 
The effects of the starting material, temperature and synthe-
sis time, and nitrogen gas flux were investigated. The results 
showed that a yield of 95% of nano tin dioxide was achieved 
by carbothermal reduction process using a starting material 
composed of a mixture of SnO2:C in molar proportions of 
1.5:1 at 1,135°C for 75 min using a N2 gas flux of 80 cm3/min. 

In the current work, sucrose and ferrous salt was 
employed as starting materials to synthesize a carbon-iron 
composite. It was expected that sucrose would be carbonized 
to form a basic carbon structure while ferrous salt was con-
verted to iron oxides and then reduced to elemental iron with 
carbon as the reducing agent. Fe:sucrose mass ratio, carboth-
ermal temperature and treatment time were varied to inves-
tigate the effects of synthesis conditions on the characteristics 
of final products.

In addition, HCB was employed as the target substance to 
investigate the pollution removal capacity of thus synthesized 
materials. Epidemiology studies have shown that HCB is prob-
ably human carcinogenic [22]. Short- and long-term exposure 
could lead to kidney, liver damage and damage in central ner-
vous system. HCB contaminated sites pose long-term serious 
environmental and health risks because of its persistence. HCB 
was found in many river sediments and groundwater system 
in China due to wastewater discharge from chemical plants. 

Our objectives were to (1) investigate the effects of treat-
ment temperature, time and Fe:sucrose mass ratio on the 
physical and chemical properties of the carbothermal prod-
ucts; (2) characterize the relationship between physicochem-
ical properties (iron content, particle size, apparent density, 
etc.) of the products and synthesis conditions and (3) com-
pare the HCB removal and dechlorination capability of mate-
rials synthesized at different conditions. 

2. Materials and methods

2.1. Chemicals and materials

Ferrous chloride tetrahydrate (FeCl2·4H2O) was pur-
chased from Aladdin Reagent Co., Ltd. (Shanghai, China). 

Sucrose, potassium dichromate (K2Cr2O7), 1,5-diphenylcar-
bazide, acetone and the other reagents (H3PO4 and H2SO4) 
were provided by the Sinopharm Group Chemical Reagent 
Co., Ltd. (Shanghai, China). All the chemicals were used 
without further purification. Deionized water was used in all 
preparation. 

2.2. Synthesis of nanoscale zero-valent iron supported porous 
activated carbon

Nanoscale zero-valent iron supported activated carbon 
(nZVI/AC) was prepared using sucrose and FeCl2 as precur-
sors. Preliminary tests were conducted to decide experimen-
tal conditions (e.g., time of ultrasound dispersion, N2 purge, 
etc.). The effects of carbothermal temperature, treatment time 
and Fe:sucrose ratio on the properties of synthesized materi-
als were then studied in detail.

To investigate the impact of carbothermal temperature, 
2.4 g of sucrose was added to 100 mL of FeCl2 solution (6 g/L 
as iron), which made a Fe:sucrose ratio of 1:4. The mixture was 
then dispersed by ultrasound for 15 min and was added to a 
corundum boat and put in a tube furnace. The tube is purged 
with N2 for 10 min before heating. Temperature was ramped 
up to 500°C, 700°C, 900°C or 1,100°C, respectively, at 5°C/min 
and kept at the predetermined temperature for an hour and 
then cooled to room temperature under N2 atmosphere. 
Samples thus obtained were named as Fe/C-temperature. 

The effect of treatment time was investigated by vary-
ing time from 0.5, 1 to 3 h. Carbothermal temperature and 
Fe:sucrose was set as 700°C and 1:4, respectively. Samples 
were named as Fe/C-time.

Another factor studied was the Fe:sucrose ratio. 
Specifically, 2.4 g of sucrose was added to 100 mL of FeCl2 
solution with concentration of iron ranging from 3, 6 and 
12 g/L, which corresponded to Fe:sucrose ratio of 1:2, 1:4 and 
1:8, respectively. The tests were conducted at carbothermal 
temperature of 700°C and treatment time of 1 h. 

2.3. Characterization and analysis methods

The crystal structure of nZVI/AC was examined with 
an X-ray diffraction (XRD; D8A A25, Bruker AXS GmbH, 
Germany) with a high-power Cu Kα radiation at a scanning 
rate of 8°/min for 2θ from 10° to 80°. 

Scanning electron microscope (SEM; S4800, Hitachi, 
Japan) and transmission electron microscope (TEM) Tecnai 
G20 (FEI, USA) were used to observe the morphology and 
microstructure of the materials. 

BET surface area and pore-size distribution were deter-
mined using nitrogen adsorption method with the 3H-2000PS4 
surface analyzer system (Beishide Instrument, China).

Iron contents of nZVI/AC were analyzed using a diges-
tion method [21]. 0.5 g of material was washed at 600°C for 
4 h and then digested with 25 mL of concentrated hydrochlo-
ric acid. The digestion solutions were analyzed for iron by an 
atomic absorption spectrophotometer with graphite furnace 
TAS-990 (Beijing, China).

The apparent density was determined by the ratio of 
mass to a given volume and particle-size distribution was 
measured by separation using standard screens with mesh 
size of 80, 120 and 180. 
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2.4. Batch experiments on HCB dechlorination

10, 30, 50, 80, 150 or 300 mg of nZVI/AC was added to vials 
each containing 20 mL of 1 mg/L HCB solution. Initial pH was 
adjusted to around 6.0. The mixtures were shaken for 8 h at 
150 rpm and 25°C. nZVI/AC was then separated from solution 
by filtration. Both nZVI/AC and filtrate were then extracted 
for 0.5 h with 20 mL of n-hexane and analyzed for HCB.

HCB removal efficiency %=
−

×
m m

m
0 1

0

100  (1)

Percentage of dechlorination %=
−

×
m m

m
0 2

0

100  (2)

where m0 is the initial amount of HCB (mg); m1 is the residual 
amount of HCB extracted from solution (mg) and m2 is the 
residual amount of HCB extracted from both solution and 
solid (mg).

HCB analysis was conducted via an Agilent 7890A-5975C 
gas chromatography-mass spectrometry (Agilent 
Technologies, USA) equipped with an HP-5MS capillary col-
umn [23]. Specifically, 1 μL of extraction was injected auto-
matically in splitless mode. The temperatures of injector and 
detector were set at 320°C and 350°C, respectively. Separation 
was controlled with a temperature program that started at 
oven temperature at 40°C, held for 5 min, then ramped at 
20°C/min to 200°C, and then ramped at 5°C/min to 250°C, 
held for 2 min.

All tests above were done in triplet. Data given are aver-
age with deviation.

3. Results and discussion

3.1. Effects of carbothermal temperature

The temperature of carbothermal treatment is always one 
of the predominating factors that affect the existing form of 
species and active performance of nZVI deposited materials 
[24]. Sucrose and FeCl2 mixture underwent carbothermal 
treatment at temperature ranging from 500°C to 1,100°C in 
this study. Fig. 1 shows the XRD patterns of nZVI/AC by car-
bothermal treatment at different temperature. All samples 
showed peaks at 26.3° indicating the existence of graphite 
carbon [25]. As temperature increased, there was a general 
increase in the intensity and sharpness of the graphite peak. 
During carbothermal treatment, solvent first evaporated and 
then sucrose carbonized to form the basic carbon structure. 
The increase in graphite intensity may indicate increased aro-
matization of carbon and graphite matrix of activated carbon 
is gradually taking shape. 

Diffraction peaks at 18.1°, 30.2°, 35.1°, 36.7°, 56.7° and 
62.3° are all related to the existence of iron oxide [26]. Peaks 
at 2θ of 43°–45° are attributable to pure α-Fe (110) with a 
body-centered cubic (bcc) crystalline structure, while those 
at 53.2° and 64.9° can be attributed to Fe(200) [27]. During 
heating process, iron ions and/or salts were transformed first 
into iron oxides as solvent evaporated. Zero-valent iron was 
produced through reduction by the carbonized sucrose. XRD 
patters revealed that zero-valent iron (Fe0) was present at all 
temperatures. However, the higher Fe0 peak intensities at 
temperatures 900°C and 1,100°C showed that the crystalline 

iron content increased at high temperature. In addition, the 
increase in Fe0 peak was accompanied by the gradual weak-
ening of iron oxide peaks (especially iron oxide peak at 35.7°). 
It is therefore proposed that, during carbothermal process, 
iron oxide could be reduced by element carbon to form ele-
mental iron while carbon itself was oxidized and gasified as 
CO and CO2 as shown in reactions (3)–(5) [19].

3 0 5 2 0 52 3 3 4 2Fe O C Fe O CO+ → +. .  (3)

Fe O C Fe CO3 4
0

22 3 2+ → +  (4)

C CO CO+ →2 2  (5)

Fig. 2 is the SEM images of nZVI/AC samples synthe-
sized at different temperature. These images clearly show 
the porous nature of the synthesized materials. Also, as tem-
perature increased, larger particles were formed. Fig. 3 is 
the TEM images. It is evident that roughly spherical nZVI 
particles were randomly distributed and immobilized inside 
the carbon structure. The large gray sheet is carbon structure 
while metal particles are shown as darker clusters. Metal par-
ticles in synthesized materials ranged from about 20–50 nm 
in size indicating that nanoparticles were formed. nZVI parti-
cles alone often exhibit a strong tendency to agglomerate and 
retain chain-like morphology. It seems that when nanoparti-
cles were encapsulated in porous carbon, the agglomeration 
of nZVI was minimized. Iron particles were separated and 
presented as individual spherical shaped ones as shown in 
Fig. 2. Thus, dispersed nanoparticles might lead to good con-
tact with target contaminants and sequential reactions.

Fig. 1. XRD patterns of nZVI/AC carbothermally synthesized at 
different temperature.
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Apparent density, iron contents, BET surface area and pore 
volume were then obtained and listed in Table 1. Apparent den-
sities ranged from 0.46 to 0.66 g/cm3 which is roughly the appar-
ent density observed in commercially available activated carbon.

Temperature had great impact on the formation of poros-
ity. As shown in Eqs. (3)–(5), carbon was gasified as CO and 
CO2 during the formation of elemental iron. The gasification 
facilitated the formation of porosity. Fe/C-700 achieved the 
highest surface area of 313 m2/g and a total pore volume 
of 0.29 mL/g. However, porosity dropped as temperature 
increased. Fe/C-900 had a surface area of 236 m2/g while that 
of Fe/C-1,100 was only 86 m2/g. This could probably be due 
to the sintering effect at extreme temperature. 

Iron content increased as the increase of temperature. 
More carbon was lost as CO and CO2 at high temperature 
thus increases in the percentage of iron in total mass. 

Table 2 is the particle-size distribution which is used to 
judge the granularity of materials. According to American 
Society for Testing and Materials (ASTM) classification, pow-
dered activated carbon is defined as particles with an 80 mesh 
sieve (0.18 mm) and smaller [28]. More than 90% of Fe/C-500, 
Fe/C-700 and Fe/C-900 could pass through 80-mesh, mean-
ing that those are basically powdered materials. By compar-
ison, Fe/C-1,100 had the highest percentage of particles that 
could be deemed granular. Still, more than 80% of the parti-
cles were powder. The results corresponded well with what 
was observed from SEM images. As shown in Fig. 2, Fe/C-500 
was mostly small particles while larger ones were observed 
at higher temperatures. This could be caused by sintering 
at high temperature. Smaller carbon particles aggregated to 
form larger ones as temperature increased.

In water and wastewater treatment, powdered and gran-
ular materials have difference usage. For instance, powdered 
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Fig. 3. TEM images of (a) Fe/C-500; (b) Fe/C-700; (c) Fe/C-900 and (d) Fe/C-1,100.
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Fig. 2. SEM images of (a) Fe/C-500; (b) Fe/C-700; (c) Fe/C-900 and 
(d) Fe/C-1,100.
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materials are not commonly used in a fixed bed system, due 
to the high head loss that would occur. Instead, they are gen-
erally added directly to the water streams or as an enhance-
ment for other process units (membrane treatment, filtration, 
etc.) [29]. Being largely powder, nZVI/AC thus synthesized 
could easily be adopted in a direct dosing scenario. Due to 
its smaller particle size, powered activated carbon could be 
superior in regard to adsorption kinetics and might be more 
efficient compared with granular activated carbon.

nZVI/AC obtained was then tested for HCB removal. To 
exclude the effect of particle size on HCB removal, only par-
ticles of size 80–200 mesh were used. nZVI/AC was proven to 
be capable of HCB dechlorination [30]. Therefore, studies here 
mainly focused on the investigation of extent of dechlorination. 
Figs. 4(a) and (b) are HCB removal efficiency and percentage 
of dechlorination at different dosage. Overall, HCB removal 
increased with the increase of dosage. At the same dosage, HCB 
removal follows the order of Fe/C-700 > Fe/C-900 > Fe/C-1,100 
> Fe/C-500. Dechlorination follows roughly the same order 
though the differences between samples are smaller. In sum-
mary, the removal of HCB is a combination of adsorption and 
dechlorination. For instance, 96% of HCB was removed at dos-
age of 8 g/L for Fe/C-700. Of that, 45% was dechlorinated while 
the rest 51% was adsorbed. The amount of dechlorination var-
ied. Fe/C-1,100 resulted in 39.96% dechlorination although it 
contained a much higher amount of iron (482 mg/g). However, 
surface area of Fe/C-1,100 is smaller thus may lead to weaker 
adsorption. This proves that a right combination of surface 
porosity and iron content seems to be needed for optimum 
removal. This is understandable since HCB has to be adsorbed 
first to come into contact with reactive iron to be dechlorinated. 

3.2. Effects of carbothermal treatment time 

Based on results from tests on carbothermal tempera-
ture, Fe/C-700 appears to manifest the highest HCB removal. 

Therefore, in the investigation of the influence of treatment 
time, carbothermal temperature was set at 700°C while treat-
ment time varied from 0.5, 1 to 3 h. XRD patterns of resulted 

Table 1
Apparent density, iron content, BET surface area and pore volume of nZVI/AC synthesized at different temperature (treatment time 
1 h, Fe:sucrose 1:4)

Samples Apparent density 
(g/cm3)

BET surface area 
(m2/g)

Total pore volume 
(cm3/g)

Iron content 
(mg/g)

Fe/C-500 0.66 ± 0.05 282 ± 12.0 0.21 ± 0.03 249 ± 3.1
Fe/C-700 0.64 ± 0.05 313 ± 8.0 0.29 ± 0.02 275 ± 2.5
Fe/C-900 0.57 ± 0.03 236 ± 6.0 0.25 ± 0.04 383 ± 2.2
Fe/C-1,100 0.46 ± 0.05 86 ± 7.0 0.14 ± 0.03 482 ± 2.5

Table 2 
Particle-size distribution (percentage of total mass) of nZVI/AC 
synthesized at different temperature

Standard screen 
size (mesh)

Fe/C-500 Fe/C-700 Fe/C-900 Fe/C-1,100

>80 4.90 9.21 11.25 19.60
80–120 12.50 17.85 12.63 12.60
120–180 32.85 28.40 22.50 20.58
<180 49.75 44.54 53.62 47.58
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Fig. 4. HCB removal by nZVI/AC carbothermally synthesized at 
different temperature: (a) HCB removal efficiency and (b) HCB 
dechlorination.



85W.-f. Chen et al. / Desalination and Water Treatment 86 (2017) 80–88

samples are shown in Fig. 5. XRD patterns are quite simi-
lar and treatment time did not seem to have any significant 
effects on the material’s crystal structure.

Apparent density, iron content, BET surface area and total 
pore volumes were also compared as shown in Table 3 while 
Table 4 lists the particle-size distribution. There are slight 
increases in all parameters as treatment time increased from 
0.5 to 1 h. However, the increases are no longer statistically 
significant when extending the treatment time further to 3 h. 
The same is with particle-size distribution. Granularity did 
not change significantly after treatment time of 1 h. 

Fig. 6 compares the HCB removal efficiency and dechlori-
nation by nZVI/AC obtained by different treatment time. The 
results matched well with the results from characterization. 
There is significant improvement both in HCB removal and 
dechlorination at treatment time of 0.5 and 1 h. But the differ-
ences between 1 and 3 h are negligible.

3.3. Effects of mass ratio

Three mass ratios of Fe:sucrose were studied in order to 
evaluate the effects of the composition of starting material. 
The carbothermal temperature and treatment time were kept 
the same at 700°C and 1 h.

Fig. 5. XRD patterns of nZVI/AC carbothermally synthesized at 
different treatment time.

Table 3
Apparent density, iron content, BET surface area and pore 
volume of nZVI/AC synthesized at different treatment time 
(treatment temperature 700°C, Fe:sucrose 1:4)

Samples Apparent 
density 
(g/cm3)

BET surface 
area 
(m2/g)

Total pore 
volume 
(cm3/g)

Iron 
content 
(mg/g)

Fe/C-0.5 h 0.56 ± 0.02 232 ± 5.2 0.21 ± 0.03 253 ± 3.5
Fe/C-1 h 0.64 ± 0.05 313 ± 8.0 0.29 ± 0.02 275 ± 2.5
Fe/C-3 h 0.62 ± 0.04 320 ± 4.5 0.28 ± 0.03 282 ± 4.2

Table 4
Particle-size distribution (percentage of total mass) of nZVI/AC 
synthesized at different treatment time

Standard screen 
size (mesh)

Fe/C-0.5 h Fe/C-1 h Fe/C-3 h

>80 6.65 9.21 10.50
80–120 13.80 17.85 22.90
120–180 27.70 28.40 21.10
<180 51.65 44.54 45.50
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Fig. 6. HCB removal by nZVI/AC carbothermally synthesized 
at different treatment time: (a) HCB removal efficiency and (b) 
HCB dechlorination.
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Fig. 7 is the XRD patterns of samples of different mass 
ratio from 1:2, 1:4 to 1:8. The effect of Fe:sucrose ratio on the 
crystal structure of the zero-valent iron was obvious. Sharp 
diffraction peaks at 43°–45° of α-Fe (110) crystal plane was 
observed of sample with 1:8 ratio, suggesting good crystal-
line degree [31]. At the same time, peaks of iron oxides almost 
disappeared at this Fe:sucrose ratio indicating probably a 
more thorough reduction of iron oxides to Fe0. In contrast, 
XRD patterns of Fe:sucrose of 1:2 and 1:4 are quite similar 
with strong peaks of both iron oxides and Fe0. The difference 
could be attributed to the fact that at ratio of 1:8, more carbon 
was available thus more complete reduction.

Apparent density, BET surface area, total pore volume 
and iron content differed at different Fe:sucrose ratio as 
shown in Table 5. Less carbon in the starting material resulted 
in a final product that is more porous and higher in iron con-
tent as BET surface area, total pore volume and iron content 
all increased as Fe:sucrose ratio varied from 1:8 to 1:2. Su et 
al. [12] studied the synthesis of zero-valent iron/activated 
carbon composite from agricultural waste (coir pith). They 
concluded that iron-containing compound acted as facilitator 
of carbon activation. The high porosity at low carbon content 

(high starting Fe percentage) in this study could be a result of 
enhanced activation by excessive iron compounds. In addi-
tion, although sample of Fe:sucrose = 1:2 are more porous. 
It still showed the highest apparent density. This could be 
because of the high iron content since iron is denser. 

Particle-size distribution (Table 6), on the other hand, 
shows that less carbon led to smaller particles as more than 
92% of particles at Fe:sucrose = 1:2 could be counted as pow-
der. By comparison, less than 80% of particles at Fe:sucrose 
ratio 1:8 is powder. Sucrose provided the supporting acti-
vated carbon structure for iron or iron oxides. Higher carbon 
ratio at the start may mean that more materials were avail-
able to form carbon structure thus higher granularity. 

Samples synthesized from various Fe:sucrose ratio 
was also tested for their HCB removal and dechlorination. 
Figs. 8(a) and (b) are the results. At the same dosage, HCB 
removal increased as Fe:C sucrose ratio decreased. That is, 
the highest removal were with sample at Fe:sucrose = 1:2. 
However, its removal efficiency was only slightly better than 
that of Fe:sucrose = 1:4. As far as cost was concerned, iron 
chemicals were much more expensive than sucrose, the extra 
expenses on iron chemicals for the small improvement in 
HCB removal may not be justified. 

Sample from Fe:sucrose of 1:8 obtained the highest 
dechlorination. As shown in XRD results, Fe:sucrose of 1:8 
resulted in a material that is mostly composed of Fe0 thus 
high dechlorination. At all dosages, more than half of the 
HCB removal could be attributed to dechlorination. In their 
synthesis of iron-carbon nanocomposite, Zhang et al. [32] 
observed that zero-valent iron was encapsulated in an iron 
oxide shell. The iron oxide shell could seriously affect the 
reactivity of zero-valent iron inside. Therefore, although 
sample synthesized at Fe:sucrose of 1:8 showed much higher 
dechlorination, the effect may not be long lasting once Fe0 was 
oxidized in air. This oxidation process is not obvious in this 
study since HCB removal test was carried out right after syn-
thesis. Studies are ongoing as for the aging effect of materials.

Taking into consideration the chemical cost and Fe0 oxida-
tion, it seems that Fe:sucrose of 1:4 is the optimal Fe:sucrose ratio. 

Fig. 7. XRD patterns of nZVI/AC carbothermally synthesized at 
different Fe:sucrose mass.

Table 5
Apparent density, iron content, BET surface area and pore volume of nZVI/AC synthesized at different Fe:sucrose ratio (treatment 
time 1 h, temperature 700°C)

Samples Apparent density (g/cm3) BET surface area (m2/g) Total pore volume (cm3/g) Iron content (mg/g)

1:2 0.75 ± 0.02 328 ± 7.5 0.38 ± 0.03 573 ± 5.5
1:4 0.64 ± 0.05 313 ± 8.0 0.29 ± 0.02 275 ± 2.5
1:8 0.56 ± 0.03 132 ± 5.6 0.21 ± 0.03 132 ± 3.2

Table 6
Particle-size distribution (percentage of total mass) of nZVI/AC 
synthesized at different Fe:sucrose ratio

Standard screen size (mesh) 1:2 1:4 1:8

>80 7.82 9.21 21.25
80–120 13.19 17.85 14.40
120–180 31.87 28.40 25.70
<180 47.12 44.54 38.65
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4. Conclusions

nZVI/AC was successfully prepared via a carbothermal 
method and the effects of carbothermal temperature, treat-
ment time and mass ratio of Fe:sucrose on the characteristics 
of the final products and HCB removal were investigated. 
Powdered porous activated carbons were synthesized at all 
conditions. Properties such as surface area, pore volume, iron 
content and particle-size distribution is directly related to the 
synthesis conditions. High temperature resulted in higher iron 
content but low porosity. Treatment time no longer had signif-
icant effect when it reached longer than 1 h. High Fe:sucrose 
ratio (less carbon) led to high porosity and high iron content. 
As far as HCB removal is concerned, it is a combination of 
adsorption and dechlorination by Fe0. Therefore, a synthesis 

condition that result in a material that showed a balance in 
porosity and iron content may be better. Overall, HCB removal 
results showed that the optimum conditions are: temperature 
700°C, treatment time 1 h and Fe:sucrose ratio 1:4. 
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