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Abstract: The potential of pretreated sugarcane bagasse (SCB) as a low-cost and renewable source
to yield activated carbon (AC) for chromate CrO42~ removal from an aqueous solution has been
investigated. Raw sugarcane bagasse was pretreated with HySO4, H3PO4, HCl, HNO3;, KOH, NaOH,
or ZnCl, before carbonization at 700 °C. Only pretreatments with H,SO, and KOH yield clean AC
powders, while the other powders still contain non-carbonaceous components. The point of zero
charge for ACs obtained from SCB pretreated with H,SO4 and KOH is 7.71 and 2.62, respectively.
Batch equilibrium studies show that the most effective conditions for chromate removal are a low pH
(i.e., below 3) where >96% of the chromate is removed from the aqueous solution.

Keywords: wastewater; water treatment; Cr(VI); heavy metals; adsorption; sugarcane bagasse;
activated carbon; low-cost

1. Introduction

Chromium is a naturally occurring element and the 21st most abundant element in
the earth’s crust [1]. Although chromium in its metallic form was first described in 1797 [2],
its technical applications were limited until the middle of the 20th century. This is due to
the high toxicity of chromium compounds, which was discovered early on. However, with
the advent of the modern industrialized society in the mid to late 1800s, there was a rapidly
increasing need for heat- and corrosion-resistant alloys. Moreover, the textile industry,
another rapidly growing sector, was actively looking into advanced chemical processes
for tanning and dyeing [3-6]. In their well-known book “Handworterbuch der reinen und
angewandten Chemie” Liebig, Poggendorf and Wohler stated about the element in 1842 [7]:

“Von dem metallischen Chrom wird noch keine Anwendung gemacht; um
so wichtiger aber sind durch ihre technischen Anwendungen mehrere seiner
Verbindungen geworden. Auf den Organismus wirken sie als Gifte, indessen hat
man sie noch nicht als Arzneimittel anzuwenden versucht.”

“Metallic chromium is not yet used, but several of its compounds have become all the
more important through their technical applications. They act as poisons on the organism,
but no attempt has yet been made to use them as medicines.”

Though numerous applications have been identified and developed for metallic
chromium and its salts since the days of Justus von Liebig, chromium compounds ob-
viously remain harmful. Despite this, chromium compounds can be found in the envi-
ronment all over the planet but foremost in developing countries, where high chromium
levels dramatically endanger entire eco systems [1,6,8]. This is a development that could
probably not have been foreseen by the scientists in Liebig’s time but needs to be faced and
resolved nowadays.
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In terms of toxicity, one of the main challenges of Cr is its chemical versatility.
Chromium can adopt oxidation states between —II and +VI, but Cr(Ill) and Cr(VI) are
most prominent in natural environments [6]. Cr(Il) is an essential nutrient for the human
body and necessary for controlling blood glucose levels and insulin action in tissues [9].
Cr(VI) is a carcinogen, highly mobile in aqueous environments, highly soluble in water,
and 500 times more toxic than Cr(III) [5,10]. Because of its high water solubility and high
mobility in the environment, Cr(VI) can enter the terrestrial food chain and finally end up
in higher animals and humans. Once taken up, Cr(VI) causes liver and kidney damage,
asthma, and skin ulcerations, along with immunotoxic, genotoxic, and neurotoxic effects,
among others [3].

Plants also take up Cr(VI). Consequently, Cr(VI) can be found in plant roots, shoots,
stems, leaves, and seeds [11,12]. Cr(VI) inhibits germination and affects root, stem, and leaf
growth [6]. Moreover, the quality of flowers, crop yields, photosynthesis, respiration, and
symbiotic nitrogen fixation are severely disturbed by Cr(VI) [11]. Therefore, the reduction
of Cr(VI) levels in water bodies is a significant and large-scale problem needing reliable
treatments and solutions [6,13].

Electroplating, leather tanning, dye and pigment, steel and alloy, automobile, am-
munition, paint, and textile manufacturing industries are the most common sources of
Cr(VI) [3-6]. Many of these industries release significant amounts of Cr(VI) into surface
water bodies, which leads to critical Cr(VI) levels around these manufacturing sites [3,10].

Some of the most common methods to control Cr(VI) levels in water are ion exchange,
precipitation, flocculation, reverse osmosis, electrocoagulation, electrodialysis, membrane
filtration, solvent extraction, and adsorption [3,5,10,14,15]. Each of these methods has
advantages and drawbacks. For instance, ion exchange, electrocoagulation, reverse osmo-
sis, electrodialysis, and membrane filtration require a high amount of energy and regular
maintenance [3,6,10]. Industries in developing countries are typically not able to manage
the high costs of those treatments. Additionally, some of these treatments produce tremen-
dous amounts of sludge as a byproduct. Deposited sludge waste then triggers secondary
pollution and requires further management [6,10]. As a result, and because a large number
of these manufacturing sites are located in developing countries [13,16,17], there is an
ever-growing need for effective yet (very) low-cost approaches towards Cr(VI) removal.

Activated carbons (ACs) are very effective adsorbents [13,17,18], but the very high
demand overall and the significant cost of ACs limit their use, especially in developing
countries. Hence, low-cost adsorbents and effective yet cheap activation of suitable raw
materials have become a substantial focus of science and technology [17].

Generally, the effective activation of carbonaceous raw materials involves chemical
or physical modifications that significantly improve the quality of the adsorbents. The
enhanced formation of micro- and mesopores, generation of large surface areas, and the
addition of functional groups to the adsorbent surface are key parameters for improved
performance of (low-cost) ACs [19]. Acids such as H3PO4 [20,21], HySO4 [22-24], HCI [20],
or HNOj [19,25], strong bases such as KOH [21,24] or NaOH [20,21], and salts such as
ZnCl, [21,26], CaCl, [27], or FeCl;3 [21] are popular activators for AC production. Depend-
ing on the treatment, different types of materials are obtained. For instance, NaOH or
HCI pretreatments reduce the silica and ash content, while H3POy pretreatments yield
P-containing functional groups and highly microporous materials [20]. HySO4 produces
acidic surface oxygen species and increases the specific surface area [28], while HNO;
pretreatment yields cellulose nitrate groups and high pore volume [19]. ZnCl, [26] and
KOH [29] yield smaller pore sizes and higher surface areas in the ACs. Interestingly, the
reasons why these different treatments produce different pore sizes are still largely unclear.

Nowadays, numerous raw materials have been identified as suitable sources for ACs
for water treatment, including agricultural waste [4,30]. Popular raw materials include
pomegranate peel, orange peel, banana peel, corn cobs, rice husks, sugarcane bagasse (SCB),
sawdust, plant leave waste, tea leaves, cottonseed, coconut shell, and rice straw [13,16].
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Further studies suggest that adsorbents prepared from raw or carbonized SCB [31-35],
coconut shell [36], or rice husks [30,37] effectively remove metal ions and dyes.

The current study focuses on SCB as a raw material for ACs for Cr(VI) removal from
water. SCB is one of the most common and cheapest agricultural wastes in the world and is
a major byproduct of the sugar industry [33]. Annually, approximately 54 million tons of
dry SCB are produced worldwide. To avoid further management costs, the majority of the
SCB is burned directly on the sugarcane fields, causing significant air pollution [33].

However, SCB is an interesting raw material because of its high lignin and cellu-
lose content, which is rich in carbonyl, hydroxyl, ether, phenol, amine, and sulfhydryl
groups [33,38]. Being agricultural waste, raw SCB also contains impurities that often re-
quire thorough pretreatment and modification to boost the adsorption capacities of the
resulting ACs [38].

The functional groups present on the surface of SCB-based ACs act as active adsorption
sites that bind different heavy metal ions to the surface [35,38]. Therefore, utilizing SCB
waste as a source of ACs not only combats the global wastewater crisis but also reduces
the volume of agricultural waste. Hence, considering the increasing demand for a low-
cost, sustainable, and easy wastewater treatment process, SCB is an attractive starting
material [33].

A final reason for selecting SCB as the starting material is the fact that there are
regions, such as Bangladesh, that offer a large amount of sugarcane fields and a large textile
industry in close proximity. As a result, SCB as highly abundant agricultural waste and
Cr(VI) contamination, which poses severe environmental and health problems, occurs in
exactly the same geographic region. The current study, therefore, builds on the fact that
local agricultural waste could be used to improve local water quality.

2. Materials and Methods

Chemicals and apparatus. Sulfuric acid (>95% H;SOy), zinc chloride dihydrate
(ZnCly*2 HpO), ortho-phosphoric acid (85% H3POy), nitric acid (65% HNO3), hydrochloric
acid (37% HCI), potassium hydroxide pellets (>90% KOH), sodium hydroxide (>98%
NaOH), potassium dichromate (>99% K;Cr,0O7), sodium chloride (>99.99% NaCl), 1,5-
diphenylcarbazide, and acetone were of analytical grade quality and supplied by Merck
(Darmstadt, Germany). All chemicals were used without further purification.

Collection and purification of SCB. Raw SCB was collected from local sugarcane-juice
vendors of Mymensingh, Bangladesh, using a white polyethylene bag for transport. The
raw SCB was cut into small pieces with scissors and soaked in tap water to remove dirt and
sugar. Afterwards, the SCB was washed thoroughly with distilled water until the residual
water was dirt-free (i.e., clear). Next, the washed SCB was dried in a preheated oven at
110 °C for 24 h. After drying, the SCB was ground with a Philips HR3655/00 Blender until
the particle size was below 0.50 mm. The particle size below 0.50 mm was ensured by
passing the SCB powder through a 0.50 mm sieve (VEB Metallweberei, Neustadt/Orla).
The ground SCB powders were then stored in an airtight glass bottle until further use.

Pre-carbonization treatment of SCB. A total of 25 g of the clean and dry SCB powder
was mixed with 250 mL of 3M H,SOy; in a three-necked round bottom flask with a condenser
in an oil bath. The oil bath was maintained at 80 °C, and the mixture was stirred at 200 rpm
for 24 h. Then the mixture was filtered using vacuum filtration to separate the pretreated
SCB. The SCB was then washed with hot distilled water until the pH was 6-7. After that,
the powder was dried overnight at 105 °C, and the dry, treated SCB was kept in an airtight
bottle until further use. The same process was used for treatment with 3M HCl, 30% (v/v)
H3POy4, 30% (v/v) HNO3, 30% (w/v) ZnCl,, 1M KOH, and 1M NaOH.

Preparation of activated carbon. All SCB samples were loaded in a custom-made
pyrolysis oven described previously [39], and the oven was then heated to 700 °C at
5 °C/min under Argon. The powders were kept for 1 h at 700 °C, then the oven was
switched off and left overnight to cool to room temperature. After cooling, all carbonized
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SCB (cSCB) powders were stored in airtight bottles until further use. Table 1 summarizes
all materials studied in this work.

Table 1. Overview of cSCB powders studied in this article.

Material Pretreatment

SCB None (raw SCB after washing and drying, no further pretreatment)
SB1 3M H;,S04

SB2 30% H3POy4

SB3 30% ZnCl,

SB4 30% HNO;

SB5 3M HCl

SB6 1M NaOH

SB7 1M KOH

Characterization and analysis. Infrared spectroscopy was conducted at room temper-
ature on a Nicolet iS5 (Thermo Scientific, Waltham MA, USA) with an iD7 attenuated
total reflection (ATR) unit, a resolution of 1 cm~?, and 32 scans per measurement from
400-4000 cm 1.

Scanning electron microscopy (SEM) was conducted on a JEOL JSM-6510 (JEOL, Freising,
Germany) SEM operated at 5 kV. Prior to imaging, all samples were sputter-coated with
Au/Pd for 75 s and 18 mA using an SC7620 mini sputter coater (Quorum Technologies,
Lewes, UK).

X-ray powder diffraction (XRD) data were collected on a PANalytical Empyrean powder
X-ray diffractometer in a Bragg—Brentano geometry. It is equipped with a PIXcellD detector
using Cu K radiation (A = 1.5419 A) operating at 40 kV and 40 mA. /6 scans were run
in a 20 range of 4-70° with a step size of 0.0131° and a sample rotation time of 1's. The
diffractometer is configured with a programmable divergence and anti-scatter slit and a
large Ni-beta filter. The detector was set to continuous mode with an active length of 3.0061°.

Surface area and pore sizes were determined via nitrogen sorption at 77 K using a
Micromeritics Tristar (Micromeritics Instrument Corp., Norcross, GA, USA). Prior to all
measurements, the materials were degassed to about 2 Pa at 353 K for 10 h. The specific
surface area (SSA) was calculated via the Brunauer-Emmett-Teller (BET) approach. Av-
erage pore sizes were estimated from the adsorption branch of the isotherm using the
Barrett-Joyner—-Halenda (BJH) method. The pore volume was determined at P/Py > 0.99.

Determination of the point of zero charge, pHy.., was performed according to published
protocols [40,41]. First, 50 mL of a 0.01M NaCl solution was transferred to a 100 mL
Erlenmeyer flask, and the initial pH (pH;) was adjusted to 2-12 using (0.1 to 1M) H,SO4
and NaOH. The pH was recorded with a Digital pH meter GPH014 (PCE Instruments
UK Ltd., Hamble-le-Rice, UK, refillable electrode). Then 0.15 g of cSCB was added to the
solution, and the mixture was agitated on a magnetic stirrer for 24 h at 200 rpm. Thereafter
the solution was vacuum-filtered with Whatman® Grade 1 filter paper (diameter 11 cm).
The final pH (pHy) of the solution was measured, and ApH = pH; — pH; was plotted vs.
pH;. The point where ApH and pH; are zero is pHy for the corresponding cSCB adsorbent.

Batch adsorption experiments. All batch adsorption studies were carried out in 50 mL
Erlenmeyer flasks containing 25 mL of an aqueous K,Cr,Oy solution with a concentration
of 1 g/L. After the addition of the ¢SCB adsorbent, the mixtures were placed on a magnetic
stirrer and stirred at 200 rpm at 30 °C for 24 h. The suspension was filtered, and the resid-
ual concentration of Cr(VI) was determined with a Vernier® UV-VIS Spectrophotometer
(Vernier Software & Tech SE, Vernier Science Education, Beaverton, OR, USA) via Method
7196A as published by the US EPA [42]. Calibration was performed with a dilution series of
aqueous K,Cr,O7 with concentrations between 10 and 100 mg/L (RZ > 0.998). The impact
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of solution pH on adsorption was evaluated from adsorption experiments with 20 mg/L
K,Cr,0O7 solutions with starting pH from 1 to 11.
The fraction of Cr(VI) removed was calculated using Equation (1)

(Co — Cf)100

%R =
% &

)
where %R is the percentage of Cr(VI) removed, while Cy and Cy are the initial and final
Cr(VI) concentrations (mg/L) of the solutions before and after treatment.

The influence of the initial Cr(VI) concentration and the influence of the adsorbent dose
were studied using analogous approaches by either varying the K,Cr,O; concentration or
the adsorbent dose while keeping all other conditions constant. The adsorption kinetics
were studied by variation of the contact time of the adsorbent and K,Cr,Oy solution. All
experiments were repeated three times, and all spectrophotometric measurements were
duplicates yielding six measurements per experimental condition. Values reported are
mean and standard deviations obtained from these six values.

3. Results

Figure 1 shows X-ray diffraction (XRD) patterns obtained from the raw SCB and the
chemically activated SCBs after pyrolysis. The XRD pattern of raw SCB shows three broad
halos at 16.34 (110), 22.05 (002), and 34.68° (004) 26. These signals can be assigned to the
presence of cellulose 1 [43,44].

N
H

10 20 30 40 50 60 70
20°

Intensity (a.u.)

Figure 1. X-ray diffraction patterns obtained from SCB adsorbents after pyrolysis.

All pretreated and carbonized SCBs (cSCBs) only show two broad halos (not three
as in the raw SCB) at around 24 and around 44° 26 that can be assigned to graphitized
carbon [20,45,46]. Moreover, sharp reflections at 21.79 (011) and 36.01° (112) 26 in the
patterns obtained from SB2, SB4, SB5, and SB6 can be assigned to cristobalite (ICDD 98-
003-4933). Additional sharp reflections observed in the XRD patterns obtained from SB3 at
26 = 31.67 (010), 36.02 (011), 56.199 (110), 62.52, (020), and 67.57° (112) 20 can be assigned to
wurtzite ZnO (ICDD 98-018-2355).

Only SB1 and SB7 (see Table 1 for assignments) show no additional reflections, indicat-
ing that there are no further crystalline (inorganic) compounds present in the materials. The
halos at 20 = 23.61 (002) and 43.82° (011) can be assigned to graphite 2H (ICDD 98-007-6767).
Based on the XRD data, therefore, SB1 and SB7 are the purest carbons produced here (i.e.,
materials without further components visible in the XRD data). As a result, these two
materials were chosen for an in-depth investigation along with the raw carbonized SCB
for comparison.

Figure 2 shows representative IR spectra obtained from raw SCB, SB1, and SB7. Spec-
tra of raw SCB show a broad peak centered at 3614 cm~!, which can be assigned to
the O-H stretching vibration of intramolecular hydrogen bonds in carbohydrates and
lignin [47]. Bands centered at 3029 cm ™! stem from C-H bond vibrations [48]. A small band
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at 1770 cm~! can be assigned to C=0 bond vibrations of aldehydes, ketones, or carboxyl
groups [48,49]. Furthermore, bands at 1612 and 1525 cm ! are attributed to the aromatic
rings present in lignin and to adsorbed water, while a band at 1281 cm ™! can be assigned
to C-O stretching vibrations in lignin [44,47,49].

raw SCB
E)
5, | SB1(H,S0,)
[0
o
C
8
E
)
g SB7 (KOH)

4000 ' 35IOO ' 30I00 ' 25IOO ' 20IOO ' 15I00 ' 10I00 ' 560

wavenumber, cm™”
Figure 2. IR spectra obtained from raw SCB, SB1, and SB7 after pyrolysis. IR spectra of all materials
can be found in the Supporting Information. While the spectra vary from material to material, all
IR bands can be assigned to C-C, C=C, C=0, and C-H vibrations stemming from the organic and
carbonized components of the materials. SB6 and SB7 exhibit rather noisy spectra, but also here, all
bands and shoulders can be assigned to vibrations in the activated carbonaceous material.

IR spectra of SB1 show bands at 3323 and 1526 cm ™~ which correspond to the N-
H stretching vibration of amines and amides along with nitro groups [50]. A band at
3118 cm ™! originates from C-H stretching vibrations, while a band at 1428 cm ! can be
attributed to C-H deformation vibrations [47,51]. Bands at 2390 and 1636 cm ! indicate the
presence of aromatic C=C bonds and C=0 bonds in carboxyl groups [13,52]. Furthermore,
the presence of aromatic moieties and amines in SB1 is further corroborated by bands at
1192 and 1024 cm~! [34,50,51,53].

IR spectra of SB7 show a broad signal centered at 3375 cm ™!, which indicates the
presence of O-H bonds, including hydrogen bonding [54]. A band at 1635 cm™! again
indicates the presence of C=O bonds, likely from ketones, aldehydes, or carboxylates [26].
Further bands between 1200 and 1100 cm~! can be assigned to C-O vibrations in ether,
alcohol, phenol, acid, or ester moieties [54], while a broad and poorly resolved group of
bands at around 618 cm ! is from C-H and C-C stretching vibrations [52].

Figure 3 shows representative scanning electron microscopy (SEM) data obtained from
raw SCB, SB1, and SB7. SEM images of SCB show a large variety of particle sizes with
numerous different morphologies. The surface of the particles is rather dense without
much substructure.

SB1 is quite different from raw SCB. SB1 exhibits a very broad size distribution along
with a fraction of smaller particles with sharper edges than those observed in SCB. Moreover,
all particles also exhibit some surface roughness, and there are also large particles with
micrometer-sized pores. All particles show cracks and appear to have a larger fraction
of open surface than raw SCB. The opening and surface roughening can be assigned to
the pre-activation with H,SO4 combined with thermal treatment that removes lignin and
inorganic components, which leaves pores and cavities on the adsorbent surface (and likely
also inside the powders), consistent with previous studies [13,22,52].
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Figure 3. SEM images of SCB (a—c), SB1 (d—f), and SB7 (g-i) at different magnifications.

Likewise, SB7 is quite different from SCB. Again, smaller particles are visible. They
appear finer and somewhat smaller than in SB1, but overall, the material exhibits a very
broad particle size distribution. Additionally, SB7 exhibits sharp edges of the particles, and
cracks and pores are visible in all particles.

Figure 4 shows complementary nitrogen sorption data for the three materials, SCB,
SB1, and SB7. All datasets are very similar and only show a very limited N, uptake and a
correspondingly small surface area of all materials. SCB is essentially non-porous (note that
nitrogen sorption does not detect macropores, which are visible in the SEM images). The
surface area determined for SB1 is 6~8 m2/ g, and SB7 has a surface area of around 30 m2/ g.
Overall, these data indicate that the materials are essentially macroporous powders with
negligible mesopore and micropore fractions.

The rather low surface areas observed for these materials are comparable with many
other examples from the literature [14,16,18,19]. Many ACs made from agricultural waste
show surface areas on the order of 10 to ca. 100 m?/g. This likely stems from the fact that
all these ACs are essentially based on carbohydrates and that the original materials have
micrometer-sized features in the plants. Apparently, most treatments are not able to open
up significant amounts of micro- or mesopores, but rather the treatments seem to modify
the surfaces chemically, which in turn then alters the adsorption behavior.

Numerous studies have shown that pH is a crucial parameter when it comes to
adsorption [4,55,56]. Figure 5a illustrates the adsorption efficiency of SB1 and SB7 vs. the
initial solution pH. SB1 removes ca. 96% of the chromate within 24 h at pH 1-3. This is
confirmed by visual inspection: solutions treated with SB1 at pH 1-3 show essentially
no remaining color, Figure 5b, indicating an almost complete Cr(VI) removal. At pH 4
and higher, the fraction of Cr(VI) that is removed decreases and reaches ca. 20% at pH 9
and higher.
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Figure 4. Nitrogen sorption isotherms obtained from SCB, SB1, and SB7. Adsorption and desorption
branches are identified separately. The somewhat unusual shape of the isotherms with a decrease at
intermediate pressures can be assigned to the very low surface areas of all materials studied here.
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Figure 5. (a) Cr(VI) removal vs. initial pH for SB1 and SB7 (Cp = 20 mg/L, m = 0.1 g,
V=25mL,t=24h, T =30°C, rpm = 200). (b) Solution color vs. pH for treatment with SB1. (c) Solu-
tion color vs. pH for treatment with SB7. (d) Determination of pHy. for SB1 and SB7 (Cy = 0.01 M
NaCl, m=0.15g,V=50mL, t=48h, T = 25 °C, rpm = 200).

In contrast, SB7 only shows a high removal rate of ca. 96% Cr(VI) at pH 1. Already
at pH 3, the removal rate drops to below 40% and reaches ca. 20% at pH 4. Again, this
is corroborated by visual inspection: solutions treated at pH 2 and higher are still yellow,
indicating incomplete Cr(VI) removal, Figure 5c.
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To better quantify and understand this observation, the point of zero charge (pHpzc)
was determined, Figure 5d. The pHp, is 7.71 for SB1, showing that the surface is positively
charged below pH ca. 7.7. In contrast, the pHp,c of SB7 is 2.62, indicating that SB 7 is only
positively charged below ca. pH 2.6, which is much lower than what is observed for SB1.

Figure 6 shows the effect of the initial Cr(VI) concentration with the SB1 adsorbent at an
initial pH of 3. After 24 h, the highest Cr(VI) removal rate is observed at low concentrations.
Generally, the removal rate decreases with increasing initial Cr(VI) concentration. This is
consistent with previous data [4,13,50,56].

(a)

100 - k

90 4 E
80 E
70 E

60 § i

50 5 .
40 1

: 3
30 1

% removal of Cr (VI)

20 40 60 80 100
Initial conc. [mg/L]

(b)

adsorption

20mg/lL 30 mg/L 40 mg/L 50 mg/L 70 mg/L 100 mg/L

(c) .

et L.

o

20mg/L  30mg/L 40mg/L 50 mg/L 70 mg/L 100 mg/L

Figure 6. (a) Effect of initial SB1 concentration on Cr(VI) removal (pH =3, mgg; =0.1g, V=25mlL,
t=24h, T =30 °C, rpm = 200). (b) Color of the Cr(VI) solutions before treatment with SB1. (c) Color
of the Cr(VI) solutions after treatment with SB1.

Figure 7 shows the effects of the adsorbent dose on Cr(VI) removal. Generally, Cr(VI)
removal increases as the adsorbent dose increases. At a dose of 0.1 g/25 mL and higher,
no further color changes (or changes in the absorption data) are observed. The solution
is essentially colorless, and >96% of the Cr(VI) is removed from the solution. Therefore,
0.1 g/25 mL was subsequently used for further batch experiments.

Figure 8 shows the effect of contact time on Cr(VI) removal. The data show a
monotonous increase in Cr(VI) removal up to ca. 8 h. After that, the Cr(VI) removal
is much slower and finally levels off at ca. 96% at around 24 h.
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4. Discussion

As stated in the introduction, low-cost and low-tech approaches towards Cr(VI) re-
moval from aqueous solutions are highly important. The current study proposes a new
approach based on activated carbons from sugarcane bagasse, a high-volume agricultural
waste. In particular, we have identified two promising materials (SB1 and SB7) that are
clean carbon materials that effectively remove dichromate from an aqueous solution. Both
materials show a strong pH dependence on Cr(VI) removal: while SB1 removes up to 96%
of Cr(VI) up to pH 3, SB7 is only effective at pH 1, Figure 5a.

This behavior can be assigned to the different points of zero charge in the two materials,
Figure 5d. Considering the pHy,. of 2.62 that is observed for SB7, these data indicate
that already at pH 2, the charge density and overall charge of the SB7 surface is too
low to produce a strong interaction between the adsorbent surface and the chromate or
dichromate ions in solution. In contrast, the much higher pHp,. of ca. 7.2 of SB7 suggests
that here a much larger window of positive charge exists, and thus, there is a much wider
pH window where the electrostatic interaction between the positively charged adsorbent
surface and the dissolved anions is effective. Such an observation is consistent with previous
studies [4,55-58]. Similarly, low pHp,. values are also consistent with the literature; these
effects have been assigned to surface adsorption of OH" from the pretreatment, with
hydroxides then being released and acting as a buffer and lowering the pHp,¢ [59].

Once the pH is high enough to supersede the pHp,, the surface of the adsorbent is
negatively charged. This should result in electrostatic repulsion between adsorbent and
anions in solution, which drives the adsorption capacities down at higher pH. Likely, the
remaining low adsorption of below 20% is then due to effects such as hydrogen bonding or
direct interaction with individual surface groups such as amines.

These data clearly show that acid treatment is more attractive in the current case
because this treatment keeps the pHp,c higher and thus provides a material that is effective
in Cr(VI) removal from pH 1-3, similar to a previous study showing that net negative
charges are advantageous for Cr(VI) removal [23]. Evaluation of the surface areas, Figure 4,
also shows that the dominating effect is indeed the pHpZC and not the surface areas, as they
are very low in all cases investigated here.

As an interesting and technologically relevant observation, it must be noted that the
pH of Cr(VI) containing industrial effluent occurs mostly at around 3 [4,60,61] or even
below 3 [62]. As a result, especially SB1 is a prime candidate for direct use without any
further modifications for Cr(VI) removal from industrial wastewaters. The one remaining
challenge is the fact that the Cr(VI) concentrations in real wastewaters are often much
higher than even the highest concentration studied here, Figure 6. Moreover, the adsorbent
doses and contact times may need to be adjusted to account for a large-scale, real-life system
and may therefore be different from the contact times studied here, Figures 7 and 8. There
is thus a further need to improve the materials and the overall process to be able to directly
use the SB1 material for Cr(VI) removal, but in spite of this, the ease of production, the very
good performance under near-realistic pH conditions, and the low cost of the raw materials
make the materials and the process an attractive candidate for further development.

5. Conclusions

Sugarcane bagasse (SCB) is a suitable raw material for the fabrication of activated
carbons for Cr(VI) removal from synthetic wastewater at conditions that are reminiscent
of real wastewaters from tanning and other industries. Pretreatments with KOH and
H,SO, remove impurities from the raw materials. After carbonization of these pretreated
raw materials, effective adsorbents for Cr(VI) removal at low pH can be obtained. Acid
activation yields materials that can be used between pH 1 and 3 with good to excellent
removal rates; materials obtained from KOH-treated SCB only remove Cr(VI) at a very low
pH of 1. Overall, pretreated SCB is a cheap and abundant carbon source that can effectively
be converted to AC to remove Cr(VI) from wastewater.
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