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RESEMRCH ARTICLES

CATALYSIS

Trace-level halogen blocks CO-
emission in Fischer-Tropsch

synthesis for olefins production

Yi Cai*?, Maolin Wang3'1’ Shu Zhao"-i- Xi Liu®t, Junzhong Xie’t,
Xing-Wus LIU‘ 6 YaoXu JieZhang®, ngzhen 29.!133 Fei Qian*?, i
Zirui Ga©’, Zeyan Cen’ Xlngchen L|u Hong Wang Bingjun Xu?,
Graham J.Hutchings’, Yong Yang'®, Yong-Wang Li®,

Xiao-Dong Wen?*, Ding Ma3*

Sustainable production of fuels and olefins from syngas (carbon
monoxide and hydrogen) through the Fischer-Tropsch synthesis
process requires catalysts that deliver high selectivity, industrial
productivity, and minimal carbon dioxide (CO2) emissions.
Current industrial iron catalysts form substantial CO by-
product that limits carbon efficiency. We report that introducing
trace amounts [parts per million (ppm) level] of halogen-
containing compounds into the feed gas can suppress CO,
formation using iron-based catalysts and boost olefin selectivity
over paraffin and olefin productivity. Cofeeding 20 ppm
bromomethane over an iron carbide catalyst decreased CO;
selectivity to <1% and increased olefin selectivity to ~85%
among all carbon-containing products. Surface-bound halogens
modulated the catalyst surface structure and selectively
inhibited pathways responsible for CO, generation and olefin
hydrogenation. This strategy provides a simple, scalable, and
broadly applicable route for carbon-efficient syngas conversion.

Developing efficient catalytic systems for direct a-olefin production
from syngas (CO and Hy) through Fischer-Tropsch synthesis (FTS) is
essential to address the growing global demand for olefins and is of
importance for regions with limited petroleum resources (I-3). A key
challenge is the design of low-cost, non—-noble-metal catalysts that oper-
ate under moderate conditions that also minimize CO, emissions to
ensure sustainable carbon utilization (4-8). Among current approaches,
iron-based Fischer-Tropsch to olefins (FTO) catalysts (9-11) and oxide-
zeolite (OX-ZEQO) tandem systems (2, 12, 13) have emerged as leading
candidates. However, iron-based catalysts often yield only moderate olefin
selectivity, whereas OX-ZEO systems suffer from high CO, selectivity
(82 t0 45%) and limited olefin space-time yields (12). These limitations
constrain overall carbon efficiency and hinder their large-scale indus-
trial implementation. Thus, there is an urgent need for new catalytic
systems that combine ultralow CO, selectivity, high a-olefin space-time
yields, and robust long-term stability.

Iron-based catalysts are particularly attractive for FTS because of
their low cost, natural abundance, tunable product distribution, and
high space-time yields of the products. Currently, more than two-thirds
of the global FTS capacity (15.70 million tons per year) relies on iron
catalysts. However, one drawback is their intrinsic promotion of the

IState Key Laboratory of Coal Conversion, Institute of Coal Chemistry, Chinese Academy of
Sciences, Taiyuan, China, 2Unlw:rsnt)r of Chinese Academy of Sciences, Beijing, China. “Beijing
National Laboratory for Molecular Sciences, New Carnerstone Sgience Laboralory College of
Chemistry and Molecular Engineering, Peking Universily, Beljing, China. “College of Materials
Science and Engineering, Beljing University of Technology, Bafjing, China. 3Sehool of Chemistry
and Chemical Engineering, Ningxia University, Ylnchuan China. ®National Energy Center for
Coal to Liquids, Huairou District, Beijing, China. "Max Planck Centre on the Fundamentals of
Heterogeneous Catalysis (FUNCAT), Cardiff Catalysis Institute, School of Chemistry, Cardiff
University, Garditt, UK. ~Cotresponding author. Eiail: iuxingwu@siee.ac.cn (x.-w.L.);
wxd@sxicc.ac.cn (X.-DW.); dma@pku.edu.cn (D.M.) t These authors contributed equally to
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water-gas shift (WGS) and Boudouard reactions, resulting in excessive
CO, formation (typically showing a selectivity of 18 to 35%) that re-
duces carbon utilization efficiency (I4, 15). The formation of CO, not
only contributes to greenhouse gas emissions but also depletes valu-
able carbon feedstocks.

Suppressing CO, formation in Fe-based FTS remains a major challenge.
Previous strategies to inhibit the WGS reaction have focused on limiting
water readsorption by shielding iron catalysts with hydrophobic silica
coatings (I1) or graphene layers (8), which effectively reduces CO, selectiv-
ity to <13%. More recently, modified pure-phase iron carbide catalysts have
achieved CO, selectivity as low as ~10% (10, 16), but only under conditions
oflow CO conversion and limited olefin productivity (~0.6 §-ge -hour ™)
(10). Therefore, the development of catalytic systems that concurrently
minimize CO, formation and maximize a-olefin productivity under
practical conditions remains a critical and unmet challenge.

We demonstrate that the introduction of parts per million (ppm)
concentrations of halomethanes into the syngas feed fundamentally
transforms the catalytic behavior of Fe-based FTS systems. Specifically,
cofeeding 20 ppm of bromomethane (CH3Br) effectively suppressed
CO, formation, reducing CO, selectivity to <1% and drastically enhanc-
ing the olefin/paraffin (o/p) ratio from 1.3 (on unpromoted y-Fe;C,) to
as high as 13. Under optimized conditions, this strategy achieved an
olefin space-time yield of 1.08 g-gea “hour™ with an unprecedented
olefin selectivity of 85.2%, calculated relative to all carbon-containing
products. This simple and easily implementable halomethane-
promotion strategy is compatible with a broad range of Fe-based FTS
catalysts, including commercial formulations. Mechanistic insights
from transient kinetic analyses and density functional theory (DFT)
calculations reveal that surface-bound halogens modulate the properties
of the catalyst and selectively inhibit key side reactions—specifically,
the Boudouard reaction and WGS reaction—thereby suppressing CO,
generation. We introduce a simple yet robust and broadly applicable
strategy to achieve sustainable and highly efficient olefin or liquid fuels
production with exceptional carbon efficiency.

The impact of halogen on the Fe-based FTS process

A series of iron carbide catalysts (e-Fe,C, 6-Fe3C, h-Fe;C,, and x-FesC,)
were synthesized following established protocols (17, 18). The unpro-
moted y-FesC, catalyst, one of the most active phases for FTS, exhib-
ited a CO, selectivity of 31.4% at a CO conversion of 93.3% (Fig. 1A)
(19). The primary products were Cs, olefins and paraffins with an o/p
ratio of 1.3 under typical FTS conditions (Hy/CO = 2, 300°C, 20 bar,
12,000 ml-g., -hour™). The native iron carbide catalysts favored CO, for-
mation and exhibited similar selectivity toward olefins and paraffins.

We then introduced 20 ppm of halomethanes (CH3X, where X = F,
Cl, Br, or I) into the syngas during FTS. CH3F reduced CO, selectivity
to0 27.8%, accompanied by a slight increase in olefin content. A progres-
sive trend was observed from CH3F to CH3Cl, CH3Br, and CH;l, with
CO, selectivity continuously decreasing (Fig. 1A and table S1). Notably,
cofeeding CH3Br or CH3l suppressed CO; formation, yielding near-zero
CO, selectivity (~1%). Concurrently, olefin selectivity was substantially
enhanced, with the o/p ratio rising to ~7 in the case of CHCl. These
results demonstrate that cofeeding trace amounts of halomethane
effectively suppressed CO, production while promoting olefin selectiv-
ity in Fe-based FTS catalysts.

We next investigated the effect of CH3Br concentration in the syn-
gas on performance of FTS. Even a low cofeed concentration of 3 ppm
CH;Br markedly suppressed CO, formation, reducing its selectivity
to 4.2%, decreasing CO conversion from 89.4% to 41.1%, and increas-
ing the o/p ratio from 1.0 to 6.1 (Fig. 1B, figs. S1 and S2, and table S2).
Chain propagation remained unaffected, and the olefin selectivity
was much higher than that obtained with the unmodified y-Fe;Cs
catalvst (81% versus 23%; Fig. 1B, figs. S8 and S4, and table S2). The
decrease in CO conversion mainly came from the inhibition of the
CO, formation (fig. S2), which accounted for >70% of the reduction
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