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Abstract: This work is aimed at highlighting the recent progress of resorcinol-
formaldehyde carbon gels adsorption of water pollutants. The synthesis strategies
of the carbon gels were discussed to shed some light on the development of
mesoporous matrix of carbon gel via the agglomeration of colloidal particles. The
surface area of adsorbent can reach as high as 3000 m*/g by CO, activation, while
the surface functionalities are introduced through modification techniques for
improving the removal performance. However, most of the recent studies are
inclined at batch mode of adsorption with lack of information on the scale-up of
the process in continuous mode. Carbon gel is a special class of porous material
that can be moulded into desired size, hence a promising adsorbent candidate for
monoliths and packings in column adsorption. Therefore, more dedicated works
should be established to materialize the applications of carbon gel in column
adsorption, particularly at industrial scale.
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Introduction
The issues related to the release of pollutants into the water bodies

have become a subject of considerable concern. The presence of water
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contaminants such as dyes, heavy metals and organic compounds brings
about damaging effects not only to the aquatic ecosystem but also to human
who relies on water resources for routine life.! Hence, the polluted effluents
must be treated prior entering the streams. Amongst the available methods
of water and wastewater treatment, adsorption has appeared to be the mostly
applied because it is simple, economical and efficient. Adsorption is a
process in which the adsorbate (contaminant) is adhered to the solid
adsorbent through dipole-n interaction, - interaction, ion exchange, pore
filling and complexation.’

Adsorption can be operated through batch or continuous mode. For a
massive volume of wastewater, the continuous mode is more practical
because less space is needed for the process at minimum manufacturing
cost. However, the commercially available adsorbents are generally in the
powder and granular forms, making them unfit for continuous process.
Despite of large specific surface area and rich surface chemistry for
satisfactory removal performance in batch mode, the column operation may
suffer in escalating pressure drop as a result of hydraulic resistance if
adsorbent with tiny particles is employed.” Consequently, the column
performance decreases at undoubtedly high operating cost.

A potential solution for this problem is a packing-type adsorbent,
known as carbon gel. Carbon gel is normally synthesized through
polymerization of resorcinol and formaldehyde in the presence of solvent
(water) and basic catalyst (sodium carbonate).” Also, carbon gel structurally
doped with aromatic S or N can be synthesized through co-
polycondensation of resorcinol with heterocyclic aldehyde.® The
mesoporous matrix of carbon gel is established via the aggregation of

nanometer-sized colloidal particles. The formation of gaps between the
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nanoparticles develops a hierarchical pore system of mainly mesopores, and
some micropores and macropores.” Carbon gel is a porous material with
large carbon density that can be moulded into desired size and customized
for definitive utilizations as catalysts for chemical synthesis, adsorbents for
chemical separation and environmental protection, and carbon electrodes for
energy storage.”” In the adsorption field, carbon gel is a promising
candidate to overcome the resistance of flow and provide a short path for
efficient connection between the adsorbate and solid surface in continuous
system.” Nevertheless, the application of carbon gel as adsorbent for the
removal of water pollutants especially in continuous mode is not widely
available in literature. This commentary is aimed to highlight the issues
revolving around synthesis strategies and adsorption properties of carbon

gels, and the limitations and recommendations for future directions.

Synthesis strategies of resorcinol-formaldehyde carbon gels

In general, there are three steps during the preparation process to
control the structure of carbon gel. The first step is the solution-sol
transition, in which nanoscale sol particles are created automatically or
catalyst mediated through hydrolysis and condensation reactions. The
second step is the sol-gel transition, in which the sol particles are cross-
linked and amass into wet gel with consistent network called hydrogel."
The final step is the drying phase that is imperative for the formation of
porous gel. There are three drying methods adequate to convert the hydrogel
to solid resorcinol-formaldehyde gel. The identity of resorcinol-
formaldehyde gel depends on the drying method. Xerogel is a dried dense
polymer obtained through drying in a dormant atmosphere or conventional

oven.'"'? In freeze-drying, the solvent within the voids is frozen and
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evacuated by sublimation to evade the formation of vapour-liquid interface
in a polymer called cryogel. The aerogel is formed when the liquid solvent
is removed by supercritical drying with CO, or organic solvent.'* Aerogel
normally has a high pore volume with wide texture range. Nevertheless, the
pore structure giving rise to the surface area of carbon gel depends not only
to the drying methods alone but also the interplay between the synthesis
conditions and carbonization techniques."?

Figure 1 shows the formation of resorcinol-formaldehyde molecule
with the present of basic catalyst. Resorcinol is a trifunctional benzyl
compound with two hydroxyl groups in positions 1 and 3, which allows
formaldehyde to be added in positions 2, 4 and 6. The condensation reaction
takes place when the hydroxymethyl derivatives loses OH ~ groups, forming
a benzyl-type cation that reacts with other benzene rings, resulting the
methylene and ether bonds to form polymeric particles. The primary
particles aggregate and cross-link with each other via polymer chains,

forming a three-dimensional porous network in a liquid medium."
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Figure 1. Reaction of resorcinol-formaldehyde."*

Generally, the preparation process of carbon gel consists of mixing,
gelation, aging, solvent exchange, drying, carbonization and activation.*'
The mixing of resorcinol and formaldehyde in a solvent at an appropriate
molar ratio in the presence of a basic catalyst such as sodium carbonate
(NayCOs) is to initiate the gelation process. The gel is formed due to the

crosslinking intensity between the bonds. It is a crucial step that determines
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the structural characteristics of carbon gel. Gelation is a pH-dependent
process, that could be driven by particle nucleation in acidic condition or by
addition reaction in basic condition. The solution pH in the sol-gel process
is adjusted by controlling the amount of basic catalyst in water.'® Figure 2

shows the particle growth mechanisms at different pH conditions.
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Figure 2. Particle growth mechanisms, (a) condensation reaction at acidic condition, and
(b) addition reaction at basic condition."®

The resultant hydrogel is then incubated in a controlled environment
for a sufficient period of time at 60°C to 80°C for curing to strengthen the
bonds through particles aggregation. Next, the material is subjected to
solvent exchange for extracting the residual water from the sample interiors.
After that, it is carbonized at temperatures between 300°C to 2500°C to
eliminate the remaining oxides and hydrogen groups, from which the
organic gel (hydrogel) is transformed into carbon gel with highly porous
network. This step also enlarges the specific surface area of carbon gel by
increasing the number of mesopores and micropores. As the carbonization
temperature increases, the carbonization process modifies the porous
structure of the gel and creates more pores in the structure by releasing

volatile matters. In addition, the increment of carbonization temperature
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also increases the total surface area and total pore volume of the carbon gel.
However, at the temperature of 1000 °C and above the volume of pores in
carbon gel decreases due to the collapse of the porous structure.'” A further
oxidation process is introduced thereafter to functionalize the carbon gel
with oxygenated surface groups. The physical oxidation in air forms
phenolic and carbonyl groups, while chemical oxidation with nitric acid
establishes carboxylic group on the carbon surface.'® The physical oxidation
is usually held at a higher temperature than chemical oxidation, but the
former does not require a washing post-treatment.”” Figure 3 illustrates the

synthesis of carbon gel.
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Figure 3. Steps in the production of carbon gel.*’

The configurations of carbon gel can be classified into pearl-
necklace and fibril. Resorcinol formaldehyde carbon gel normally bears a
pearl-necklace configuration of poor mechanical character due to the small

contact area between particles.'® In general, the ratio between the catalyst
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and solvent (water) is controlled to render a strong mechanical structure of
carbon gel. At a high water content, the water molecules weaken the bonds
between particles, making the hydrogel more susceptible to collapse into
tiny particles, particularly at the later stage of synthesis. A strong
mechanical structure of carbon gel is therefore imperative for successive
cycles of separation and regeneration in continuous mode of adsorption.
Table 1 summarizes the synthesis strategies and adsorptive
properties of carbon gels for water pollutants removal. In general, carbon
gels are highly mesoporous with surface area in the range of 300 m*/g to
3000 m%/g. The structural properties of carbon gels are enhanced through
physical activation using CO, and steam, and chemical activation using
KOH. In addition, the surface properties of carbon gels could also be
improved for high adsorption affinity of water pollutants by incorporating
titanium tetraisopropoxide and CeO,, and oxygen functional groups through
HNO; oxidation. These physicochemical attributes endow them with
excellent removal of various dyes and heavy metals, as displayed in Table 1.
Carbon gel is a potential adsorbent for water pollutants removal because of
its unique textural characteristics that can be tailored by controlling the
synthesis strategies. The material can be moulded in the form of monolith

and packing to suit column adsorption.””
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Table 1. Synthesis strategies of carbon gels for water pollutants removal'?

(R: resorcinol, F: formaldehyde, TTP: Titanium tetraisopropoxide, W: solvent, C: catalyst, R/F & R/C in molar ratio, R/W in g/cm3, r.t: room
temperature, T: Temperature in C, t: time in h, Yield in %, Sger: BET surface area in mz/g, Rumeso: mesopore content, d,: average pore

diameter in nm; Qp: maximum adsorption capacity in mg/g)

Carbonization|Activation
Reactant RF W [RW|C R/C |pH Seer Ry o |Adsorbate Qn
T |t |Yield |[Agent|T (%)
Xerogels
Methylene Blue 240
7.0 887 [28.8 [30.9 |Acid Blue 40 222
Reactive Black 5 |35
] Methylene Blue {249
8.1 944 139.7 26.3 |Acid Blue 40 246
Reactive Black 5 |25
R: Furfural, Hexa-methylene-tetramine 2, 33.3 |- KOH - {900 |3 |- -
Methylene Blue  |238
8.8 898 [29.9 [23.0 |Acid Blue 40 223
Reactive Black 5 |20
- Methylene Blue {199
9.9 600 (5.96 (12.7 |Acid Blue 40 115
Reactive Black 5 |10
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R:F - - - 6.51800 - 617 |100 [31.3 |Ciprofloxacin 112
- 630 (78.5 [28-40 212
4 1015(75.3 29-40 438
R:F 0.5 Water (35 [Na,CO, 1000|- 1900 Methylene Blue
CO, [900 |6 [1365(71.5 |28-43 532
8 |2180(65.0 [29-41 714
R:F 0.5 Water (0.2 |Na,CO; 500 |- {750 - 78 |- - - -
100 489 |79.8 [2.84
200 522 [94.0 |4.32
500 310 [96.6 |15.7
0.1
600 217 196.3 |25.6
R:F 0.5 Water Na,COs 700 |- |- - 175 198.3 {29.9 |-
800 127 [98.4 |31.3
0.05 376 [95.7 (3.94
0.1 200 454 196.6 |5.20
0.15 465 195.7 |7.92
- 1201(26.3 [1.91 260
R:F 0.5 Water |- Malonic acid |1 - |850 Cu®’
HNOs|50 |10 |1150]39.7 (1.98 299
- 190 |35.5 [2.40
R:F 0.5 Water (0.5 [Na,COj3 50 |- [1000 -
CO, |1000/0.6 460 |34.6 |2.40
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1.05[230 |37.5 [2.40
- 640 [64.3 [3.80
100 0.65(1400]47.5 |3.30
CO, [1000
1.2 [1900}44.0 2.40
- 700 [84.7 [9.30
200 0.85/1900(76.5 [9.30
CO, (1000
2 [2421(76.1 [7.10
- 630 [83.3 [44.0
1000 0.75(1700(76.2 69.0
CO, (1000
2 [2965(85.0 44.0
Ni* 0.415
- 684 [73.9 Cu** 0.585
Zn>* 0.428
Ni2" 0.508
R:F 0.5 Water [0.3 |KOH 150 600 Steam|850 |- |1870(66.9 |- Cu?! 0.352
Zn>" 0.232
NiZ* 0.453
KOH (600 |- [276 [23.1 Cu** 0.574
Zn" 0.578




AN.M. Faizal and M.A.A. Zaini

237

Ni2" 0.044
- 741 [86.1 Cu** 0.209
Zn>* 0.084
400
NiZ" 0.553
KOH (600 556 [81.4 Cu** 0.601
Zn" 0.537
100 |4 189 [0 [3.80
150 |5 248 |0 [3.10
R:F 0.5 Water (0.25 |Na,CO; - - -
200 |6 277 10 [2.50
250 |7 202 [0 [2.80
R:F 0.5 - 606 |83.8 [9.79 64.2
100 531 |64.4 [3.41 74.5
0.5,5.2 150 573 (82.6 [8.02 | . 83.8
- Na,CO, - |800 |12} - Pb
R:F, Melamine 200 530 [58.0 |3.75 71.7
0.5, 10.4 560 |71.9 [4.21 69.9
150
0.5, 6.9 609 |78.5 [6.38 73.2
3 46.6 484 (8.80 (9.0 102
R:F 0.5 Water (0.3 [NaOH, HNOs- |5 [750 2 [49.6 |- 498 [52.7 [8.0 [Methylene Blue  [108
6 | 51.8 513 [19.8 [9.0 123
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6.5 66 622 42.7 5.9 128
72| 54.0 412 [15.7 6.4 91
6.5[600 2 [72 308 [94.9 [8.0 90
6.5[700 2 [68.6 449 (86.2 9.7 93
6.5800 2 |60 433 16.40 (9.0 113
6.5750 2 |56 541 [12.0 |6.2 -
Pb** 17.0
Cu** 6.64
R:F 0.5 Water [0.3  [Na,CO; 1000/6 750 |3 |- - 444 |- 3.61
Co* 5.46
Ni%* 4.16
- 476 [23.7 |1.86 0
100 42.8
HNO;|60 301 [0 |1.33 0
- 608 [46.3 [2.36 2.73
200 49.6
HNO; |60 567 144.9 [2.33 0
R:F 0.5 Water (0.5 [Na,COjs 600 (3 Reactive Orange 16
- 639 [69.8 [6.89 6.80
1000 42.6
HNO; |60 712 |75.1 |7.68 6.52
- 631 [59.2 [3.56 6.46
2000 53.7
HNO;|60 586 [59.3 [3.57 5.84
R:F 0.5 Water [0.5 [Na,CO; 1000- [600 |3 |42.6 |- 639 [69.8 [6.89 |Congo Red 2.25
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HNO; |60 712 [75.1 |7.68 10.6
- 631 (59.2 [3.56 2.51
2000 53.7
HNO; |60 586 [59.3 |3.57 4.36
Aerogels
1.5 420 6
0.5 0.068 500 630 139
0.016 717 563
R:F Water Na,CO; - (1000 - - - -
50 618 14
0.5 0.061 300 616 51
800 710 193
Benzene 242
. o Hydroquinone 324
R: Furfural, Hexa-methylene-tetramine|0.5, 30 |Ethanol|339 |acetic acid |- 5.11900 - CO, (1000 803 |71.3 10.65
Catechol 27.5
Resorcinol 21.5
cd* 115
R:F 0.5 Water |0.2 [Na,COs 500 |- |750 - - 570 |- -
Cu** 8
R:F 0.5 846 [19.0
Water (0.5 |Na,COs 5 6 |- - - -
R:F, TTP 0.5,1 223 |27.7
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R:F 0.5 38 199017.1
R:F, TTP 0.5, 1 900 50 718 |32.5
R:F 0.5 38 |TTP |r.t (|24 [301 |7.04
NiZ* 0.048
- 623 |72.3 |- cu* 0.494
Zn* 0.332
R:F 0.5 Water (0.3 |KOH 50 600 -
NiZ* 0.256
KOH [600 |- (830 [|37.2 cu* 0.427
Zn** 0.25
Cryogels
R:F 0.5 Water 0.2 |Na,CO; 100 1000 |4 |- 500
R:F 0.5 Water |20  [Na,COs 100 800 - CeO, |rt  10.25/614 |- 14 |As* 434
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Carbon gels adsorption

Adsorption has been accepted as a preferable method of pollutants
treatment. Its performance relies on the physicochemical characteristics of
adsorbent, chemical properties of adsorbate, and operating conditions such
as concentration, contact time, temperature, pH, ionic strength and the
presence of foreign elements. The adsorption of water pollutants is
synergistically driven by porous texture and surface functionalities of
adsorbent. At low concentration, the interactions may not have sufficient
driving force to achieve equilibrium. Similarly, the equilibrium may be slow
if the transport process is rate-determining at high concentration. The
concentration of solute on the surface of solid continues to increase until the
solute in the solution remains in equilibrium with that at the surface.

Table 2 summarizes the operating conditions of carbon gels
adsorption in batch mode. In general, the concentration of adsorbate
provides the driving force to overcome the resistance of mass transfer at
adsorbent phase, from which the adsorption increases with increasing

21-22

concentration. Likewise, a longer time would be needed to achieve the

equilibrium as the concentration increases.”'

The post-treatment using
HNOj; increases the mesoporosity of carbon gel at the expense of slight
decrease in surface area.'*"” Xiao and co-workers®' reported an increase
of Cu(Il) removal by HNOs-oxidized carbon gel as a result of complexation
and ion-exchange interactions with surface acidic oxygen groups. For
anionic dyes removal by HNOj;-modified carbon gel, Tang & Zaini*®
reported an increase of Congo Red removal, while Zhi & Zaini> reported a
decrease of Reactive Orange removal. A variation in the removal pattern

could be attributed by the interplay between the accumulation of protons

(surface charge) and pore restriction for the transport of dyes molecules.
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The restricted movement of adsorbate molecules into the adsorbent pore
channels could also be associated with a longer contact time to reach the
equilibrium. Tang & Zaini** reported a 4200 min of equilibrium for 10
mg/L of Congo Red by HNOs-oxidized carbon gel, while Zhi & Zaini*
showed a 9000 min of equilibrium for 10 mg/L of Reactive Orange by un-
modified carbon gel. In a related work, the restriction for adsorption as a
result of the aggregation of colloidal particles within the mesoporous matrix
of carbon gel is also evident from the CO; activation of carbon gel. Despite
the fact that its surface area elevates from 630 m%g to 2180 m%/g upon
activation, the removal of Methylene Blue remains unchanged at about 4.4
mg/g. Nevertheless, the time taken to attain the equilibrium (Methylene
Blue concentration: 3.7 mg/L, dosage: 1 g/L) has slightly improved from

more than 500 min to 410 min.>*
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Table 2. Adsorption properties of carbon gels.

Adsorbent Surface | Mesopo | Dosage | Adsorbate | Concent | Equilibri | Solution | Equilibrium | Rate Thermody
area rosity (g/L) ration um time | pH adsorption constant namics
(m?/g) | (%) (mg/L) | (min) (mg/g) (g/mg.min)
HNO;- 711 75.1 1.5 CongoRed | 5 1800 5.4 3.19 3.0 x 107 -
oxidized 10 4200 4.73 6.32x 107
carbon gel*
Carbon gel' | 1201 26.3 0.5 Cu(II) 50 20 5.0 53.6 5.1x107 Endotherm
200 60 246 1.2x107 ic
HNO:;- 1150 39.7 50 20 56.1 52 %107
oxidized 200 60 262 1.0 x 107
carbon gel*!
N-doped 573 82.6 1 Pb(1I) 50 180 4.5 37.6 3.55x 107 Endotherm
carbon gel* ic
HNO;- 418 76.8 25 Methylene | 10 3600 Natural 4.41 - -
modified Blue
carbon gel'®
Carbon gel”’ | 444 - 2 Pb(II) 25 220 3.0 9.20 - -
Ni(II) 195 4.12
Expanded 547 - Pb(IT) 250 11.0
graphite Ni(II) 200 5.03
carbon gel”’
Carbon 631 59.2 1.5 Reactive 10 9000 Natural 6.88 6.67 x 107 -
gel'*% Orange
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HNO;- 586 59.3 4470 2.64 133 x 10
oxidized

carbon gel'>*

Carbon gel” | 630 78.5 1 Methylene | 3.7 >500 6.5 4.99 7.0 x 10*
CO,-activated | 2180 65 Blue 410 4.34 3.0 x 107

carbon gel**
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The pseudo-second-order kinetics model has been commonly used to
describe the carbon gels adsorption rate of water pollutants. The model
equation is expressed as, Oy = Qe Kot/(1+0ekot), where @ is the adsorption
capacity at time, t, Qe is the adsorption at equilibrium, k; is the pseudo-
second-order rate constant, and t is the contact time. The model indicates
that the transport of adsorbate molecules is driven by the external diffusion
at low concentration due to strong adsorbent-phase mass transfer resistance,
and chemical adsorption through the formation of imaginary bonds due to

12,24
" In

electrostatic and dispersive forces interactions at high concentration.
general, a high concentration subsides the solid-phase mass transfer
resistance for more adsorbate-adsorbent interactions and adsorption. Yet,
the vacant active sites progressively decrease with time, hence decreasing
the rate of adsorption. The rate constant generally decreases with increasing
concentration because of the intensified collision of dye molecules.”’ On the
other hand, a greater rate constant with increasing concentration is attributed
to a stronger driving force to overcome mass transfer resistance.*
According to Arrhenius theory, a weak activation energy endows a high rate
constant that is associated with a rapid adsorption due to less repulsion of
molecules and mutual interactions between the adsorbate and adsorbent
surface characteristics.”*>*

To date, the continuous mode of adsorption using carbon gel for
water pollutants removal is still limited in much of published literature. In a
related work, Wu and co-workers® studied the adsorptive properties of
carbon gel (583 m?/g, 87.4% mesoporosity) and CO,-activated carbon gel
(852 m?/g, 81.5% mesoporosity) for the removal of Reactive Red 2 using
bench scale continuous adsorption. The carbon gel adsorbent with an

average particle size of 0.285 mm is introduced inside a column with
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dimensions of 30 cm length and 1.1 cm internal diameter. Despite a
promising adsorption of about 700 mg/g of Reactive Red 2, the column
operation may be compromised at large scale due to the use of very slow
flow rates (0.6 mL/min — 1.2 mL/min) and small particle size of adsorbent,
which are not representative to the real applications. Furthermore, the
minute size of adsorbent in column may trigger the resistance to flow which
giving rise to high pressure drop. Therefore, systematic studies to evaluate
the effectiveness of carbon gel in the form of monoliths or packings in
continuous mode of adsorption for industrial scale applications should be

established as the directions for future research.

Concluding remark and future outlook

Resorcinol-formaldehyde carbon gel is a promising class of
adsorbent for water pollutants removal. The inherent mesoporous matrix of
carbon gel endows the hierarchical pathways to accommodate adsorbate
molecules for effective adsorption process. Also, the adsorptive properties
can be improved through activation and surface modification strategies.
However, the earlier works are mainly emphasized on batch mode of
adsorption without proper insights into continuous mode of adsorption. In
addition, the adsorption performance of carbon gels in some studies is not
satisfactory due to very long contact time necessary to achieve equilibrium.
The continuous adsorption is a non-equilibrium mass transfer process that is
dynamic in nature until the bed saturation limit is attained. The adsorption
performance via column mode relies upon influent concentration and flow
rate, and adsorbent bed height. At industrial scale, the application of column
adsorption is preferred to treat large volume of wastewater. Yet, the column

operability and performance may be compromised due the fact that most
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commercial adsorbents are in the form of small particles, leading to long
diffusion path, high resistance to flow, high pressure drop and high
operating costs. Carbon gel is a potential adsorbent candidate for column
adsorption because it could be moulded as monoliths and packings to
overcome the aforementioned hurdles. It is inspired by the promising
physicochemical attributes of carbon gel with high surface area rich surface
chemistry that have been proven to offer considerable removal performance
of water pollutants like Methylene Blue, Congo Red, Methyl Orange,
Reactive Black 5, Acid Blue 40, residual antibiotics and toxic heavy metals
in batch mode.

Nevertheless, dedicated studies for carbon gels adsorption in
dynamic mode are still scarce in literature. The adsorption properties from
batch operation such as maximum capacity, rate constant and equilibrium
time should therefore be established and integrated for systematic
evaluation of column operation at pilot scale. Also, the mass production of
carbon gel and the associated manufacturing cost should also be taken into

account to ensure the sustainability of the process in a long run.
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